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Front Cover Photograph

Three-dimensional representation of spikes (front) and

type III bursts (back). Time increases to the right with a
total of 4 s shown. Frequency decreases with depth from
370 to 250 MHz, and flux is shown logarithmically in

the vertical direction. The data was recorded by the dig-
ital spectrometer (IKARUS) in Zurich on 24 September,
1980, 07:31 UT. (See paper by Benz at this workshop).
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PREFACE

This 18 a collection of papers resulting from the workshop on Rapid
Fluctuations in Solar Flares held at the Ramada Hotel in Lanham, Maryland,
from September 30 to October 4, 1985. This workshop was one in a series of
NASA workshops that 1s part of the ongoing analysis of results from the
Solar Maximum Mission. The first three SMM workshops took place in January
and June 1983, and February 1984, and covered the full range of solar
flare observations. A workshop with more limited coverage was held in
April 1985 on Coronal Prominences and Plasmas. Thas, this workshop on
Rapid Fluctuations 1in Solar Flares is the second 1in a series of topical
SMM workshops, with more planned for the future.

The objectives of the workshop were to present observations of solar
flare emissions that showed fluctuations on time scales generally shorter
than ~ 10 8 and to discuss the possible theoretical interpretations of
these fluc:uations. Over 60 people attended the workshop and the hoped for
wide range of the electromagnetic spectrum was covered with observations
presented at radio, microwave and mm wavelengths, in the Ha, the UV, and
EUV, and 1n soft and hard X-rays. At least a quarter of the contributions
were devoted to theoretical interpretations.

All of the original contributions to the workshop were either given
orally or were on posters. The papers contained in this publication were
completed, in most cases, after the workshop and contain some of the flavor
of the discussions that took place. We have been able to include nearly
all of the contributions; only in a few cases were "abstracts only" available
and in most of those cases the material 1s being published elsewhere.

None of the papers were formally refereed although the authors were
encouraged to have a colleague review their work. This method of publication
was chosen after much discussion at the workshop. It was felt that since
the field of rapid fluctations 1n solar flares 1is relatively new, the free
discussion of the observations and theories should be encouraged without the
possibly inhibiting worry of having to please a referee. Also, the more
rapid dissemination of the material possible using this method was deemed
to be important for the advancement of this field.

It is hoped that the workshop and this publication will generate new
interest in the field of rapid fluctuations and will promote future pub-
lications in the regular scientific journals leading to greater insight into
the fundamental questions of solar flare physics.

xi




The participants at the workshop were divided into four groups to
facilitate discussion. The groups and their leaders were as follows:

X-Rays (X) - Alan Kiplinger

Radio and Microwaves (R) = Arnold Benz and Ken Tapping
Thermal Response (T) - Gordon Emslie

Plasma Physics (P) = John Brown

This publication is organized along the same lines with four sections
for the contributions from the four groups and a fifth section for the
paper resulting from Peter Sturrock's introductory talk.

This workshop and collection of papers could not have been accomplished
without the support of Gloria Wharen, Kim Tolbert, Steve Graham, Shelby
Kennard and Bernie Gibson. We also acknowledge the contribution of Vicki
Greer at Birch and Davis and the staff of the Ramada Hotel, who helped to
make the workshop run as smoothly as it did.




RAPID FLUCTUATIONS IN SOLAR FLARES

Peter A. Sturrock

Center for Space Science and Astrophysics
Stanford University
Stanford, California

ABSTRACT

Study of rapid fluctuations in the emission of radiation
from solar flares provides a promising approach for probing the
magneto-plasma structure and plasma processes that are
responsible for a flare. It is proposed that "elementary flare
bursts” in X-ray and microwave emission may be attributed to fine
structure of the coronal magnetic field, related to the
aggregation of photospheric magnetic field into "magnetic knots."
FPluctuations that occur on a sub-second time-scale may be due to
magnetic islands that develop in current sheets during magnetic
reconnection. The impulsive phase may sometimes--or possibly
always--represent the superposition of a large number of the
elementary energy-release processes responsible for elementary
flare bursts. If so, one faces the challenge of trying to
explain the properties of the impulsive phase in terms of the
properties of the elementary processes. For instance, if the
impulsive phase produces a power-law energy distribution of
energetic particles, this may be due to scaling laws governing
the elementary processes rather than to power-law acceleration in
the each elementary event. Magnetic field configurations that
might produce solar flares are divided into a number of
categories, depending on: whether or not there is a filament;
whether there is no current sheet, a closed current sheet, or an
open current sheet; and whether the filament (if present) erupts
into the corona, or is ejected completely from the sun's
atmosphere. Analysis of the properties of these possible
configurations is compared with different types of flare, and to
Bai's subdivision of gamma-ray/proton events. The article ends
with a number of theoretical questions related to the study of
rapid fluctuations in solar flares.

I. Selected Observational Data.

This introduction will present a brief review of some of the
forms of rapidly fluctuating output produced by solar flares, and
a brief discussion of some of the relevant aspects of the flare
problem.

One of the earliest studies of rapidly fluctuating X-rays
was carried out by van Beek and his collaborators (van Beek et
al. 1974). They found indications that the fairly brief hard X-
ray flares that they investigated could all be decoaposed into a
number of smaller bursts with rise and decay times of the order




of a few seconds. These spikes were called "elementary flare
bursts.” They estimated the energy involved in such a burst, on
the basis of a thick-target model, assuming that the electron
beam is impinging on t?, chroqa?phere, and found the energy to
lie within the range 10 to 10 erg.

Although the early analysis was carried out by eye, de Jager
and de Jonge (1978) later made a more systematic study involving
a procedure similar to the CLEAN algorithm used in radio
astronomy. They found that it was possible to represent a
typical record as a sequence of standard pulses with a selected
triangular profile. See Figure 1.
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Pig. 1. Filtering the noise, and decomposition into EFB's. (a)
The X-ray flare of 1972, August 2, 18:39 UT as observed. (b)
Filtered flare profile. (c) Residual noise after subtraction of
the EFB's and continuous background. (d) Analytic flare profile,
composed of the EFB's (de Jager and de Jonge 1978).

Tremendous advances were made as a result of the Solar
Maximum Mission. The HXRBS experiment provided data recorded in
two modes, the normal mode having a time resolution of 128 ms,
and a rapid mode having a resolution of about 10 ms. Only about
10 percent of flares were found to show fine structure. But, of
that 10 percent, fine structure was detected on a time scale down




to about 30 ms. An example of such a record, taken from
Kiplinger et al. (1983), is shown in Figure 2.
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Fig. 2. Hard X-ray time profiles (29-183 keV) of a solar flare
which occurred on 1980 October 18. The curve in (a) shows PHS
data at 128 ms per point, while curves in (b) and (c) show memory
data at 50 ms per point. The numbered features ihdicate varying
morphologies that are present within a single 9 s Jinterval
(Kiplinger et al. 1983).

It is possible to make observations with an even finer time
resolution in the radio part of the spectrum. Kaufmann and his
collaborators have been carrying out such observations for
several vyears with equipment at the Itapetinga Observatory,
normally operating at 22 gHz and 44 gHz. Figure 3 is an example
of a radio impulse (Kaufmann et al. 1984). The figure also
includes data from Owen's Valley Radio Observatory that operates
at 10.6 gHz. This burst is a few seconds in duration leading one
to suspect that it is produced by basically the same process as
produces the "elementary flare bursts" discovered by the Dutch
solar X-ray astronomy team.
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Fig. 3. The 18 December 1980, 19:21:20 UT spike-like burst, as
observed at 44 GHz, 22 GHz, and 10.6 GHz. Slower time structures
are evident, especially at 44 GHz (Kaufmann et al. 1984).

However, the radio observations offer much higher time
resolution than the early X-ray observations. It is found that
there is clearly good correspondence between the records obtained
at 22 gHz and 44 gHz, so that the fluctuations are real and
probably represent fluctuations of the process producing the
high-energy electrons responsible for the radio emission.

Kaufmann et al. (1985) have more recently published data

concerning a very interesting burst that is clearly evident at 90
gHz, but is barely detectable at lower frequencies. This is a
very surprising event and a real challenge for theorists.
: Another very exciting development has been Lin's balloon-
borne experiment. This experiment is much more sensitive than
the instruments on board SMM, and we see from Figure 4 (Lin 1984)
that very low-level bursts are continually present on the sun.
There are reasons to believe that these bursts are due to active
regions that were present on the sun at that time.
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Fig. 4. The four largest hard X-ray microflares are shown here at
1.024 s resolution (Lin et al. 1984).

We need to ask whether these low-level fluctuations are
related to solar flares. Figure S5, taken from Lin et al. (1984),
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Pig. 8. The distribution of the integral rate of occurrence of
events vs. peak 20 keV photon flux for the solar hard X-ray
microflares observed in this balloon flight. Also shown for
comparison is the distribution of solar flare hard X-ray bursts
reported by Datlowe, Elcan, and Hudson (1974) (Lin et al. 1984).




presents a histogram of the number of events per day as a
function of photon flux, for photons of energy 20 keV or more.
In the same diagram, Lin has reproduced comparable data derived
by Datlowe et al. (1974) from analysis of 0S0-7 data. We see
that each experiment produces a well defined power-law
histogram, and one can well imagine that if instrumental
differences and/or variations in time were taken into account,
the two histograms would be found to form one continuous curve.
It certainly appears from this work that the same process is
operative in both ranges of photon flux, suggesting that flares
do not cut off at any particular level but continue down to a
much lower level than we had previously thought. Lin has indeed
introduced the term "microflares" to describe these low-level
fluctuations.
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Pig. 6. Relationship of mean peak emission rates in H-alpha and
in soft X-rays for flares (open circle) and for spike events
(filled circles). Flare data have been taken from Thomas and
Teske (1971) (Teske 1971).




A very important gquestion to be addressed is the
relationship between X-ray bursts and radio bursts. Kaufmann and
his collaborators (Takakura et al. 1983) have indeed analyzed a
few bursts in terms of both X-ray and microwave data. For the
events they analyzed, there appeared to be little correspondence
on the one-second time scale, but some correspondence on a finer
time scale. A significant study was carried out about 15 years
ago by Teske (1971) using soft X-ray data obtained from the
instrument on board 0S0-3. Teske searched for a correlation
between soft X-ray fluctuations and Type III bursts and found
that about ten percent of the X-ray bursts were in fact
correlated with Type III bursts. Teske was concerned also to
search for corresponding H-alpha events. He selected periods
when active regions were on the 1limb of the sun, and then
examined the X-ray data for small isolated bursts. He found that
there was a very high correlation between H-alpha events on the
limb and X-ray bursts. The H-alpha events could be classified
into several types, but the one which showed the strongest
correlation with small X-ray bursts of a few seconds duration
were small surge-like or spike-like ejections (large spicules or
small surges) reaching heights of between 10,000 and 40,000 km.
Teske compared the ratio of mean peak emission rates in H-alpha
and in soft X-rays for these spike events and for flares (Figure
6) and found that the ratio for spike events was
indistinguishable from the ratio for flares. This again suggests
that the flare process continues to a lower energy level than
that for which events are usually recognized as "flares."

It is unfortunate that the time resolution of the H-alpha
data was only about 15 or 20 seconds (as is typical of flare
patrols). There is a need for this work to be repeated using H-
alpha observations that have as high a time resolution as the
radio and X-ray data. Teske's analysis indicates that the X-ray
event tends to occur shortly before
the Type IIl1 event. This is a curious result, and it would be
interesting to see if further investigations confirm it and also
to determine the relative timing of the X-ray and radio events
with respect to the optical event.

II. Selected Theoretical Concepts.
In order to see how the flare problem has progressed, it is

interesting to look back at flare theories that were advanced
more than 20 years ago. At that time, a theorists considered
that he had only two facts to explain. 3gne is that a large flare
involves an energy release of order 10 ergs, and the other is
that the time scale for energy release is (or was at that time
thought to be) about two minutes. Although the first fact needs
little modification, the second fact requires a great deal of
elaboration in both directions. We now believe there is energy




release on a much longer time scale than two minutes, and--as is
the focus of this workshop--we also believe that there is energy
release on a very much shorter time scale.

Early models were already based on the idea that the stored
energy is magnetic and that a flare releases the free energy
assoclated with the coronal current system. In order to achieve
sufficiently rapid energy release, theorists were soon lead to
the concept of current sheets. The first explicit current-sheet
model (Pigure 7) was that of Peter Sweet (1958) who considered
that approaching sunspots would develop a current sheet that
would persist for some time, then suddenly disappear as the
result of magnetic reconnection.

A=A

Pig. 7. Sweet model. Movement towards each other of magnetic
dipoles A and B produces a current sheet with "neuteral line"” N
in an atmosphere assumed to be perfectly conducting (Sweet 1958).

In one form or another, this idea still persists. One of
the flare models that is still very much alive and well is the
flux-emergence model of Heyvaerts et al. (1977) and others
(Figure 8), in which it is imagined that a new flux region
emerges into an o0ld pre-existing flux region, and that the
interface comprises a current sheet. In an early stage, there
may be only a "soft" instability that 1is considered to be
responsible for "preheating." At a later stage, 1f the sheet
becomes sufficiently thin, there may be a "hard" instability that
produces an impulsive energy release, considered to Dbe
responsible for the impulsive phase of a flare.
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FPig. 8. Emerging-flux model. (a) During the '"preflare phase"
("onset phase"), the emerging flux begins to reconnect with the
overlying field. (b) During the impulsive phase, the onset of
turbulence in the current sheet causes a rapid expansion with
rapld energy release. (c) During the "main phase" ("late phase"),
the current sheet reaches a new steady state, with reconnection
based on a marginally turbulent resistivity (Heyvaerts et al.
1977).




The instability that leads to magnetic reconnection is named
the "tearing-mode instability." The 1linear theory was first
developed by Furth, Killeen and Rosenbluth (1963), but numerical
studies by Carreras et al. (1980) and others have shown that
nonlinear effects have the important effect of speeding up the
reconnection rate.

Within the solar physics community, Dan Spicer was the first
to draw attention to the importance of mode interaction in
speeding up the energy-release process. One mode tends to
interact with another and develop small-scale structure including
current sheets and "magnetic islands" (Kahler et al. 1980)
(Figures 9, 10). It seems to me that if we are to understand
energy release on a time scale of milliseconds, we need to
understand more fully the development and implications of this
small-scale island structure.

DOUBLE TEARING MODE

MULTIPLE TEARING MODES

eg. Bz= BOJO(QT) BZ \
N\

89 =Bo J|(ar)

k-8 /\ JaX

Pig. 9. Top: The simplest example of multiple tearing modes, the
double tearing mode, in which k.B_=0 occurs at two different
radii from the center of the loop. Bottom: The Lungquisst field in
which multiple tearing modes can occur (Kahler et al. 1980).
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MODE COUPLING

n" — krB4y%0
1 , “‘z m)2
SECONDARY ' '
PRIMARY
AR } IsLANDS l ISLANDS
(- — — KB40
(k ,m )

Z SECONDARY ISLANDS DRIVEN BY
HIGHER HARMONICS OF K, MODE

Fig. 10. The phenomenon of mode coupling. Primary islands 1re
generated when kR.B =0 for different wave number vectors k. The
coupling between tRese primary islands results_fn the generation
of secondary lislands of shorter wavelength k (Kahler et al.
1980} .

Recent computer modeling, such as that of Carreras et al.
{1980), is providing more information on this topic. Since their
work is directed at Tokomaks, they use a toroidal geometry.
Figure 11 shows the growth in time of the radial size of various

o8

ar
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02 }— ~

Fig. 11. Time evolution of the o1} —
magnetic 1island width for the

(m=2; np=1), (m=3; n=2), and P N N T A T S O T A I
(m=5; n=3) modes in a multiple- 0.5 1.0 5 20
helicity calculation (Carreras 111031/ 7,

et al. 1980).
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modes. Different modes develop at different locations in the
ainor radius. Initially they are well separated and develop
according to single-mode theory. However, at a certain time they
may be sufficiently large that the modes begin to overlap. At
thig stage, the behavior is changed drastically. For instance,
Pigure 12 shows a plot of the growth rate of two modes (the 2-1
mode and the 3-2 mode), and we see that when the modes begin to
interact, the growth rate increases rapidly. The growth rate can
increase by at least an order of magnitude.

0 1 T 7

9

D T4 |

I

— l
-— 3/2 l
I

|

@

—

----- 3/2 (atone)

(resistive units)

MAGNE TIC ENERGY GROWTH RATE x 1073

0.5 1.0 1.5 2.0
{(t x10 3 ‘t,

Fig. 12. Nonlinear magnetic energy growth rate of the (m=2; n=1)
mode (continuous line) and (m=3; n=2) mode (broken line). The
(m=3; n=2) growth rate is compared with its value in the single
3/2 helicity evolution (Carreras et al. 1980).

If more modes are included (Figure 13), mode interaction
gives rise to an even more rapid increase in the growth rate.
Another important aspect of these results is the following: 1In
the early stage, the growth is fairly smooth and follows closely
the 1linear FKR theory. However, when the modes begin to
interact, leading to an increase in the growth rate, the current
pattern becomes stochastic. The electric field also will become
stochastic, and I think that an important topic to investigate is
the process of particle acceleration in the stochastic
electromagnetic fields that will develop in a reconnecting region
when mode interaction takes place.
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Fig. 13. Nonlinear growth rate of the (m=3; n=2) mode for a
calculation in which 5 modes were included (----) compared with
the same case with 29 modes included ( ). It 1s also
compared with the case in which only the 3/2 helicity is included
in the calculation (-- -- --) (Carreras et al. 1980).

Spicer also pointed out some time ago that reconnection may
not be spontaneous, but may instead be "driven." This certainly
occurs in laboratory experiments such as that of Baum and
Bratenahl (1985). The more recent experiments of Stenzel and his
collaborators (Stenzel and Gekelman 1985) show similar effects.
Large currents are suddenly driven through two plane conductors
in such a way as to develop a field reversal region between them.
The development of the magnetic field depends very much on the
aspect ratio. If the width of the current sheet is no more than
the separation between the conductors, an X-type point develops.
However, 1if the width of the current-carrying conductors is
larger than the separation, then there develops a series of
magnetic islands (O-type points) separated by X-type points. The
number of islands is approximately the same as the ratio of the
width to the separation.

Leboeuf et al. (1982) have set up a numerical code to study
the Stenzel-type experiment, and confirm that when the width to
the separation is larger than unity, a sequence of X-points and
O-points develops. However, these do not survive in the form in
which they are created. Their numerical studies show that there
is a strong tendency for adjacent magnetic islands to coalesce,
as shown in Figure 14.

Leboeuf et al. find that the current densities, and
therefore the electric fields, are very much stronger in the
coalescence phase than they are during the tearing phase. Tajima
et al. (1985) argue that this process is significant for solar
flares. It is certainly conceivable that,if the process occurs,
it might be responsible for the fine structure in X-ray emission.
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Fig. 14. 127%x32 lisland coalescence run. The ion density is
displayed on the left at, from top to bottom, wyet=50, 125, 250,
and 375. The dotted contours represent levels gelow the average
density at a particular time, full contours levels above. The
plasma current density in the z direction is shown on the right
at equivalent times. Dotted coutours Indicate regions of highest
return current (Leboeuf et al. 1982).

It must be emphasized, however, that one must be cautious in
carrying over results from laboratory experiments to solar
situations, since the parameters differ enormously. One must
similarly be careful in carrying over the results obtained from
numerical experiments. PFor instance, Leboeuf et al. (1982) adopt
a "particle in a box" model, and there are on the average only
four particles per box, which is not very many, and the ion-to-
electron mass ratio is taken to be 10 rather than 2,000.
Furthermore, laboratory and numerical experiments typically have
magnetic Reynolds numbers very much smaller than those that are
relevant to solar situations. Since the coalescence instability
depends upon the magnetic attraction of two current filaments, it
clearly depends sensitively on whether or not the field can adopt
a vacuum configuration on a small scale, hence on the plasma
density.

The fine structure of the X-re" flux or radio flux from some
solar flares gives the impression that the elementary process is
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a very rapid process producing a spike of short time scale, and
that the overall development of the impulsive phase is the
occurrence of a very large number of such elementary bursts. If
this is so, we need to think carefully about the interpretation
of the total flux from the impulsive phase of a flare. In many
cases, the flux will indicate that the electron energy spectrum
has the form of a power law. We then face the question: Does
the power law represent the spectrum produced by an elementary
energy-release process, or is it the result of the convolution of
many elementary processes, each one of which produces a spectrum
differing from a power law?

In this context, it is worth considering once more the radio
burst detected by Kaufmann et al. (1985), that was clearly
detectable at 90 gHz but barely detectable at 30 gHz. This is
suggestive of a peaked electron-energy spectrum. Even for a more
typical microwave burst, it 1s difficult to understand the
energetics if each burst of electrons has the form of a power law
extending down to a few keV (Sturrock et al. 1984). Hence we
should consider the possibility that the elementary energy-
release process produces something other than a power-law
spectrum.

Let us consider, for example, that the elementary process
produces a spectrum of the following form:

4 _ Aee
aE L £(L°E) . 1
In this equation L is the length scale, and we suppose that the
intensity and the characteristic energy each depend in a power-
law fashion on L.

Now suppose, as an example, that the length scale increases
linearly with time,

L=Vt 2

and let us consider the integral flux, integrating over time.
This is seen to be

=1 A g€
JT(E) V/dL L” £(L°E) . 3
If we now write

x = LEE , 4

we see that the total energy spectrum is expressible as

1 AL A+l
I(E) = 5| Jax x € tfx)|E € . 5
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Hence, in this example, we have obtained a power-law spectrum
even though the elementary process need not have a power-law
spectrum.

My purpose here is not to argue that this is an accurate
representation of what occurs in a solar flare, but simply to
point out that the spectrum of the entire impulsive phase may
differ significantly from that of each elementary burst.

I1X. Phases of Solar Flares.

So far I have been referring to bursts that proceed either
in isolation or as part of the impulsive phase of a flare.
However, there are more phases of energy release than simply the
impulsive phase, as is exemplified by Figure 15 that is taken
from Kane (1969). This flare shows a sharp impulsive phase, but
it also shows a steady growth of soft X-ray emission before the
impulsive phase, and extended soft X-ray emission after the
impulsive phase. Some time ago, it was tempting to consider that
the extended soft X-ray emission simply represents the decay of
energy released during the impulsive phase. However, Moore et
al. (1980) and others have shown conclusively that during many
flares such extended emission must be the result of extended
energy release.

L 9400,3750 Mtz MICROWAVE BURST

SIMPLE TOVOKAWA
-8(9482) “: R FLARE
108 L Wewes T "
¢ L "
103 2.3 SEC. AVERAGES
. 9.6-19.2 keV
102 7 o (RATE X 1.0)
19.232 keV 3
10 {RATE x 10)
£+ § .
10—" I'III“IIIN ' 1
10-2 by
10-3
10-4
w0-8
10-8

04856 046806030507 056110615 0519082308527 063105350838 (U.T.}
26 JUNE 1968
Fig. 15. Example of an X-ray burst with the impulsive hard
component occurring 4 min after the onset of the soft X-ray burst
(Kane 1969).

Similar conclusions can be drawn from study of the H-alpha
maps of two-ribbon flares. As the two ribbons separate, the
energy-release region excites different regions of the
chromosphere, indicating that energy is being drawn from
different regions of the corona. Hence it 1s clear that the
separation phase of two-ribbon flares, that corresponds to the
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extended phase of soft X-ray emission, must be ascribed to
continuous energy release, not simply to the decay of energy
released during the impulsive phase.

Another significant development is the analysis by Bai
(1986) of the properties of flares that produce gamma rays and
particle events. Bai subdivides gamma-ray/proton events into two
classes: those that are impulsive, with a spike duration of less
than 90 seconds and total duration of less than 10 minutes, and
those that are gradual, with spikes longer than 90 seconds and
durations longer than 10 minutes. These two classes have certain
properties in common, as we see in Table 1, but the two classes
have more points on which they differ, as we see in Table 2.

Table 1.
COMMON PROPERTIES OF
IMPULSIVE AND GRADUAL GAMMA-RAY/PROTON FLARES
(These properties are in general not found from ordinary flares)

CATEGORIES IMPULSIVE GRADUAL
FLARES FLARES
1 H.X.R. HARD HARD
SPECTRUM (average (average
index 3.5) index 3.5)
2 H.X.R. SPECTRAL SOME YES
HARDENING (6 out of 13) (22 out of 23)
3 ASSOCIATION WITH GOOD GOOD
TYPE II OR IV (9 out of 13) (20 out of 23)

The first four points of Table 2 concern the temporal
development, that are clearly a reflection of the definition of

the two classes. However, the last seven items (excepting
perhaps item 8) are not so obviously related to the selection
process. The overall impression is that gradual flares involve

something that is ejected from the sun, and that this ejection
process facilitates the escape of high-energy particles. 1Item 7,
the "microwave richness index," may give some clue as to the
difference in conditions in the flare site in the two classes of
flares. It seems that the gradual flares involve something that
is ejected from the sun, and that during the ejection process it
is possible for particles (electrons and protons) to escape from
whatever kind of trap they were formed in.

These considerations of the various stages of a flare and
the various types of flares suggest that it would be worthwhile
to draw up a category of conditions in which flares can occur.
Since we believe that the magnetic field is the main context in
which a flare occurs, we face the following question: What are
the possible categories of magnetic-field configurations that
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Table 2.
DIFFERENCES BETWEEN
IMPULSIVE AND GRADUAL GAMMA-RAY/PROTON FLARES

CATEGORIES IMPULSIVE IMPULSIVE
PLARES PLARES
1 HIGH-ENERGY SHORT (< 4 s) LONG (> 8 s)
H.X.R.DELAY
2 H.X.R. SPIKE DURATION <9 s (<30 8) > 90 s
3 H.X.R. TOTAL DURATION < 10 min > 10 min
4 SOFT X-RAY DURATION <1 hr > 1 hr
5 H-alpha AREA SMALL LARGE
6 LOOP HEIGHT Low (<10® cm)  HIGH (>10° cm)
7 MRI < 1.0 > 1.0
8 AVG. TYPE II DUR. 14 min 25 min
.P. PROTONS SMALL (<<1) LARGE (>1)
9 ON SITE PROTONS
10 INTERPLANETARY SHOCK NO YES
11 CORONAL MASS EJECTION SOME YES
12 {e/p] RATIO LARGE NORMAL
13 I.P PROTON FLUX DECAY RAPID (2) SLOW

could give rise to flares and might have some bearing on the
different phases (and other aspects of the time structure) of
those flares?

I think we should begin with the fact that magnetic flux at
the photosphere iz not spread uniformly over the photosphere. We
know from the work of Harvey, Sheeley, Title, and others (see,
for instance, Taribell and Title 1977) that the magnetic flux at
the photosphere tends to be aggregated into knots of 1less than
one arc second in size, with field strengths of 1,000 to 1,500
gauss. This is bound to have an important influence on the
magnetic-field structure in the corona, where we believe the main
energy-release of a flare occurs. Rather than think of a
distributed field pattern in the corona, this flux concentration
at the photosphere leads one to consider that the field in the
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corona is really made up of individual flux loops, each 1loop
ending in one of these knots, although there may be two or three
elementary flux tubes arising from the same knot (Figure 16).

//)V

Pig 16. Schematic representation of possible coronal magnetic
field structure, determined by the aggregation of photospheric
magnetic fleld into discrete knots (Sturrock et al. 1984).

If one pursues this idea and inquires into the typical
length of such an elementary flux tube in an active region, and
how much energy can be stored in such a tube due to twisting of
the foot points, we find that the time scale for energy release
should b§1a few'ﬁfconds and the energy released should be in the
range 10" "to 10 ergs (Sturrock et al. 1984). Hence energy
release from such elementary flux tubes may well be the
explanation of the elementary X-ray bursts identified by van Beek
and his collaborators. The "microbursts” with time scales of 10
to 100 milliseconds, that are found in both X-ray and microwave
data, may be attributed to energy release in "magnetic islands"
that develop during reconnection in such flux tubes.

In what follows, I depart from the earlier idea that a flare
is simply the manifestation of magnetic-field reconnection, and
that the only requirement for a flare is a pre-existing current
sheet. In a talk given 22 years ago at Goddard Space Flight
Center during a symposium on the "Physics of Solar Flares"
organized by Bill Hess, the great solar astronomer K.O.
Kiepenheuer made the following remarks (Kiepenheuer 1963):

"Those who have seen in an accelerated movie the

brightening of a flare out of a dark filament, and

the almost chaotic interaction of bright and dark

structures, will not doubt the existence of a causal

relation between the activation of a dark filament

and the formation of a flare."
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All large two-ribbon flares involve the disruption--maybe
eruption--of a filament. It is not the case that the filament is
disrupted because of the flare, but rather the other way round.
Some time ago, Sara Martin and Harry Ramsey (Smith and Ramsey
1964) studied the behavior of filaments near the time of
occurrence of flares and found that there are definite signs of
disturbance in the filament long before the flare occurs. These
"precursors” may occur many minutes or even hours before the
flare. The fluctuations become larger and larger until the onset
of the flare. This suggests either that an instability of the
filament creates the conditions that lead to the flare, or that a
flare is simply one manifestation of a complex instability that
leads to the disruption of the filament.

In order to pursue this line of inquiry, it is essential to
have a clear understanding of the nature and structure of
filaments. Unfortunately this understanding does not exist at
this time. I suggest that a filament comprises a rope-like
structure involving many intertwined magnetic flux tubes, each
tube linked to the photosphere at both ends. The foot-points are
close to the magnetic neutral line, so that the rope tends to run
along the neutral 1line (Figure 17). The interplay of the
different flux tubes will lead to regions of field that are
concave upwards; these are the regions that support the cool gas
responsible for the visible H-alpha appearance of a filament.

POSSIBLE SITE
FOR RECONNECTION

+

POLARITY
REVERSAL
LINE

+

Fig. 17. Schematic representation of possible magnetic field
configuration of a filament (Sturrock et al. 1984).

When viewed in the wings of H-alpha, a flare always begins

with two bright points very close together on opposite sides of
the neutral line. Moore et al. (1984) have found that the time
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of this initial brightening is also the time when the filament
first begins to show rapid upward motion. Our interpretation
(Sturrock et al. 1984) is that reconnection has begun to occur
between the feet of two adjacent flux tubes, as indicated in
Pigure 17. This reconnection has two effects. One is that
energy is released that gives rise ¢to the two H-alpha
brightenings. The other is that two strands tying the filament
to the photosphere have been severed. This is rather 1like the
severing of ropes that hold a buoyant balloon to the ground.
When the strands are severed, the filament begins to rise. This
change of configuration of the filament puts more strain on the
remaining flux tubes connecting the filament to the photosphere.
As a result, there may occur a runaway action in which similar
reconnection occurs sequentially, running in both directions
along the neutral line. The end effect of this process would be
the formation of a large twisted flux tube rooted simply at its
end points, as shown in Figure 18. The eruption of such a tube
looks very much like movies of erupting prominences that are
visible in H-alpha above the limb.

\_.POLARITY +F
REVERSAL
LINE

URRENT “
SHEET

Fig. 18. Schematic representation of the development of an
extended current sheet beneath an erupting filament (Sturrock et
al. 19684).

The eruption of the filament may lead to the end result that
the filament forms a large loop high in the corona.
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Alternatively, if the stress due to twisting is sufficiently
great, the filament may expand into interplanetary space by
attempting to adopt an open-field configuration. Which of these
two processes occurs depends partly on the initial stress in the
filament and partly on the strength and topology of the
surrounding magnetic field.

In either case, the eruption of the filament 1is going to
disturb the overlying magnetic field, and the disturbance is such
that it will produce a current sheet below the filament. This
situation is rather like the the Stenzel experiment in which a
current sheet is suddenly formed. In this situation,
reconnection of the sheet is more in the nature of "“driven
reconnection" rather than spontaneous reconnection.

The end result of reconnection of the newly formed current
sheet is that a region of magnetic field near the filament is
returned to its current-free state. In addition (Sturrock 1986),
a toroidal magnetic trap forms that embraces the filament (Figure
19).
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Fig. 19. Schematic representation of a toroidal magnetic flux
tube encircling an erupted prominence, as a result of the
reconnection indicated in Fig.18. The toroid would be detectable
as a stationary type IV radio burst (Sturrock 1986).

The reconnection is likely to produce high-energy electrons, so
that the magnetic trap when formed would already contain a
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population of energetic electrons; this may be the explanation of
Type IV radio bursts. If the filament simply rises up into the
corona, we would observe a stationary Type IV burst. However, if
the stresses are such that the filament expands out into
interplanetary space, we would observe moving Type IV burst.
This ejection may also be the explanation of coronal transients.
If the ejection 1is sufficiently rapid, it should produce a bow
shock which could in turn produce a Type II radio burst (Figure

20).
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Fig. 20. Schematic representation of situation that arises when a
filament, encircled by a toroidal flux tube, 1is completely
ejected from the sun. The toroid would be detectable as a moving
type IV radio burst. The shock wave would give rise to a type II
radio burst (Sturrock 1986).

Table 3 shows another way of categorizing magnetic
structures, and the properties of the resulting flares. In this
table, we focus on only four properties. Does the flare produce
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a mass ejection? Does it produce a shock wave? Does it produce
gamma-ray emission? Does it produce a particle event?

TABLE 3.
CATEGORIRS OF MAGNETIC STRUCTURES AND
PROPERTIERS OF RESULTING PLARES

AN AC A0 PCR__POR _PCJ  POJ

Mass

Ejection X X X X X v/ v
Shock

Wave X X X v v v v
Gamma-Ray

Emission X Y v v Y Y v
Particle

Event X X v X v v v

filament absent

filament present

no current sheet

closed current sheet

open, or partially open, current sheet
filament erurtion, but no ejection
filament ejection

°s 05 es e
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Concerning the environment in which the flare occurs, we
first notice that there may be no filament in the system, that we
denote by "A" (the filament is absent). It may be that there is
simply a small flux tube that becomes stressed and then
reconnects releasing energy. I do not know whether this ever
occurs, but Hal Zirin has expressed the opinion that any flare -
no matter how small - always involves the disappearance of some
dark feature, implying that any flare always involves something
like a filament disruption. This viewpoint would appear to be
consistent with the work of Teske referred to earlier.

Assuming that there is a configuration that does not involve
a filament, we next ask whether there is a current sheet. If
there is no current sheet (AN), there is no reason to expect mass
ejection or a shock wave. I suggest that intense electric
fields, causing strong electron acceleration, occur only in
reconnection in a current sheet, not in reconnection in an
extended tube. If this is the case, there should be no gamma-ray
emission and no particle event if there is no current sheet.

If there is a current sheet, but the sheet is completely
closed (AC), the high-energy electrons could give rise to gamma-
ray emission, but there should be no particle event. on the
other hand, if the current sheet is open or partly open (A0},




some of the particles can escape so that there may also be a
particle event. ’

Next we suppose that a filament is present (P), but we
distinguish between eruption (R) and ejection (J). In either
case, the existence of a filament necessarily requires the
existence of a current sheet at the interface between the
filament and the ambient magnetic field. This initial current
sheet may be either closed or partly open. If the filament
erupts (but is not ejected), and if the initial current sheet is
closed (case PCR), there should be no mass ejection, there may be
a mild shock wave (a blast wave), and there may be gamma-ray
emission, but there should be no particle event. On the other
hand, if the filament erupts and if the initial current sheet is
partly open (case POR), some of the high-energy particles may
escape and produce a particle event. Events of these two types
may be responsible for the impulsive gamma-ray/proton flares in
Bal's classification (Table 2).

We now consider the final possibility that a large filament
is ejected from the sun into interplanetary space. This produces
a mass ejection, and - if the speed is high enough - it may
produce a bow shock. Such a shock would tend to maintain its
strength as it propagates, whereas the strength of a blast wave
tends to decrease rapidly as it propagates. In this case, the
expansion of the magnetic-field system will weaken the magnetic
trap, so that particles can escape into interplanetary space. If
the filament is ejected from the sun, we get the same end result
whether the initial current sheet was closed or open, so that

cases PCJ and POJ have the same properties:- There is mass
ejection, a strong shock wave, gamma-ray emission, and a particle
event. However, the ejection of a filament takes longer than

does its partial eruption into the corona. For this reason, it
seems likely that this category of flares is responsible for the
gradual flares of the gamma-ray/proton flares studied by Bai
(Table 2).

IV. Looking Ahead.
Since this 1is the beginning of the Workshop, it is a good

time to consider what one would like to see come out of it. We
would surely like to get additional insight into a number of
questions that face us in trying understand solar flares. I now
list a few of these questions.

1. What is the pre-flare magneto-plasma configuration? I do
not think it is enough to ask only about the pre-~flare magnetic-
field configuration. A filament or a similar structure is
usually involved, and the stress of plasma contained in the
filament may be significant.

2. 1Is the instability responsible for a flare macroscopic,
microscopic, or a symbiotic combination of the two? There are
good reasons to be suspicious of the earlier idea that a flare
simply represents reconnection of a current sheet. As I have
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indicated, it 1is quite possible that the basic instability
involves an MHD effect that gives rise to an erupting filament.
Hence we can ask whether the instability is macroscopic like an
MHD eruption, whether it is microscopic like a simple tearing
mode, or whether it is a combination of the two.

3. What fine structure develops as a result of the
macroscopic flow? It is clearly possible that the macroscopic
flow leads to the development of a shock wave, but it may be that
the macroscopic flow 1is unstable and 1leads to some form of
turbulence.

4. What fine structure develops as a result of the
microscopic flow? As I have indicated, numerical simulations of
the reconnection process indicate that very fine structure may
develop. It is clearly important to pursue this line of inguiry
if we are to understand the development of fine structure on the
sub-second time scale.

§. Do shocks usually occur? If so, what is their role in
particle acceleration? Any sudden change of magnetic
configuration is surely likely to develop a shock wave, either as
a propagating blast wave or as a convecting bow shock. Since
shocks are known to be promising 1locations for particle
acceleration, it is clearly important to have a |Dbetter
understanding of how and where shocks are generated during
flares.

6. Is flare energy release always composed of elementary
bursts? For some flares, the X-ray time curves show a great deal
of fine structure strongly suggesting that the energy release
process comprises as many elementary events. When such structure
is not evident, is it because of a real difference in the energy
release process, or is it simply a reflection of our imperfect
observational capabilities?

7. 1Is the energy release process sometimes periodic? There
has been a debate for many vyears as to whether apparent
periodicity of X-ray emission or microwave emission is really
significant. Some years ago, Lipa and Petrosian (1975) looked
into this gquestion but were unable to find a case for real
periodicity. On the other hand, Roger Thomas many vye:rs ago
obtained a "light curve" of X-ray emission that seemed to present
a very strong case for periodicity. If periodicity does
sometimes occur, it is a real challenge to the theorist to come
up with an explanation that is even plausible.

8. What is the relationship between the energy spectrum of
the integrated flare emission and the energy spectrum of the
elementary bursts? This is the question that was raised earlier
in this review. The first requirement is to have more detailed
information of the energy spectrum of an elementary burst. If
this resembles the energy spectrum of the entire impulsive phase,
there 1is no further work to be done. If, however, the spectrum
of an elementary burst usually differs significantly from that of
an entire impulsive phase, we must seek to understand the
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relationship between the two, perhaps along the lines suggested
in Section II.
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SUB-SECOND VARIATIONS OF HIGH-ENERGY (> 300 keV)
HARD X-RAY EMISSION FROM SOLAR FLARES

Taell Bai
Stanford University

INTRODUCTION

Sub=-second variations of hard X-ray emission from solar flares
was first observed with a balloon borne detector (Hurley and Duprat 1977).
With the launch of SMM, it is now well known that sub-second variations of
hard X-ray emission ocour quite frequently (Kiplinger et al. 1983, 1984).
Such rapid variations give constraints on the modeling of electron
energization,

Such rapid variations reported until now, however, have been observed
at relatively low energies. Fast mode data obtained by HXRBS has time resol-
ution of ~ 1 ms dbut has no energy resolution (Orwig et al. 1980). Therefore,
rapid fluctuations observed in the fast~mode HXRBS data are dominated by the
low-energy (= 30 keV) hard X-rays. It is of interest to know whether rapid
fluctuations are observed in high-energy X-rays. The highest energy band at
which sub-second variations have been observed is 223 - 1057 keV (Hurley et
al. 1983). 1In this paper I am going to report sub-second variations observed

with HXRBS at energies > 30 keV, and discuss the implications.

OBSERV ATIONS
In the normal mode, the time resolution of HXRBS is 0.128 s.
Therefore, one can still study sub-second variations of high-energy hard
X-rays with normal mode HXRBS data. Because the hard X-ray flux deoreases
rapidly with inoreasing energy, in order to observe statistically significant

sub=second fluctuations at high energies, one should study flares with high




poak count rates and flat energy spectra. The flare observed at 0118 UT on
1960 Juns 21 mests both requirements, with the peak count rate being 141, 000
counta/s and the spectral index near the X-ray peak being 2.0 (cf. Bai and
Dennis 1985).

Figure 1 shows time profiles of four energy bands (28 - 55, 55 - 125,
125 = 259, 259 -~ 484 keV), with integration time 0.128 s. Figure 2 shows a
time profile of 290 - 484 keV X-rays. The vertical bars in these figures
indicate one-sigma error bars. We can see statistically significant rapid
variations at several places in Figure 2, with time scales as short as 0.1

or 0.2 s,

INTERPRETATION
The energy loss rate of electrons due to Coulomb collisions is given
(for E > 150 keV) by

=10
(dB/dt) = -3.8 x 10 n keV/s, (1)

where n is the ambient electron density in o-'3. The energy loss time for
300 keV electrons is then given by

-1 10
B (dB/dt) = 79 x (10 /m) s. (2)

Therefore, the elecotrons responsible for the sub-second decreases must have
interacted in a medium with density > 1()1 2 on-:i i.e., below the transition
region. Rapid rise of high-energy X-rays indicates rapid increase of the
mmber of high-energy electrons in the interaction region.

In interpreting the sub-second variations shown in Figure 2, I can
think of the following two alternatives:

(1) High-energy electrons were accelerated with small pitch angles,
and they immediately penetrate below the transition region to radiate there
while losing energy. The rapid variations of the high-energy hard X-ray

flux are due to rapid change in production rate of high-energy elelctrons,
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Figure 1. High resolution hard X-ray time profiles of the 1980 June 21 flare. From top to bottom, the 4
(four) curves are time profiles of X-rays in the 4 energy bands (28 - 55, 55 - 125, 125 - 259, 259
- 484 keV). Integration time is 0.128 s, and one-sigma error bars are shown.
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Figure 2. Same as Fig. 1, for energy band 290 - 484 keV. (Figures, courtesy of Brian Dennis)
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(2) Righ-emargy clectrons are accelerated with large pitch angles,
and they are initially trapped in the magnetic loop with density < 10t a3,
Onoe i a while some instability develops which rapidly scatters energetic
eleotrons into the loas cone. The rapid variations of the high-energy hard
I-rays are due to rapid scattering of high-energy electrons.

For the following reason I think the first alternative is a more
likely scenario. One can estimate the efficiency of microwave emission of
solar flares by comparing the microwave peak density to the hard X-ray peak
flux, For this purpose, Bai (1986) defined miorowave-richness index (MRI)
as follows:
peak flux density of 9 GHz microwaves (sfu)

HXRBS peak count rate (counts/s)

When defined as such, the median value of MRI for flares observed in 1980
through 1981 is about unity. Relatively speaking, flares with MRI > 1 are
more efficient in prodoucing 9 GEx microwaves than flares with MRI < 1.

For the 1980 June 21 flare, the MRI is 0.097 (Bai and Dennis 1985). This
means that this flare was ten times less efficient in microwave emission
than the average flare. This flare had flat hard X-ray spectrum with
spectral index 2.0. Therefore, this flare produced large numbers of
high-energy electrons, as evidenced from the large count rate of high-energy
I-rays shown in Figures 1 and 2, High-energy electrons are very efficient
emitters of miorowaves; nevertheleas this flare has a small MRI. The most
plausible way of suppressing microwave emission is to accelerate high-energy

electrons with small pitch angles and inject them below the transition

region.

CONCLUSION
We have seen sub-second variations of high-energy ( > 300 keV) X-rays
in the 1980 June 21 flare. Such rapid variations are interprted to be due to

rapid acceleration of high-energy electrons with small pitch angles. This
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flare oocurred at the Western limbd (N19 W90), and continuum radiation above
10 MeV was observed fram this flare (Rieger et al. 1983). This continuum is
mostly due to bremssatrahlung by highly relativistic electrons (Chupp 1984),
The decay time of this continuum is several seconds, and from this one can
deduce that these highly relativistic eleotrons interacted below the

transition region, similarly to > 300 keV eleotrons.
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INTERFRETATION OF RAPID RISES IN HARD X RAYS AND MICROWAVES
WITH THE THERMAL CONDUCTION FRONT MODEL

D. A. Batchelor
Johns Hopkins University
Applied Physics Laboratory

ABSTRACT

Impulsive hard X-ray and microwave bursts with rise times from 0.1 to 10
seconds are discussed. Source areas calculated by the method of Crannell et
al. (1978) were compared with source areas determined from Hinotori and HXIS
images. The agreement strongly suggests that the method is valid. If the
thermal conduction front model for the hard X-ray and microwave source is
adopted, then the method enables one to derive area, density, magnetic field,
and rise time from hard X-ray and microwave spectral observations. This
approach was used to derive these parameters for several rapid impulsive rises
in the flares of 1980 July 1 and 1984 May 21. It is shown that the model
provides a consistent interpretation of the observations of these impulsive
increases. Indeed, the model provides a way to calculate rise times from
spectra alone (to within a factor of about three) over more than two orders of
magnitude.

1. INTRODUCTION

This paper has two purposes. First, we evaluate a method first applied by
Crannell et al. (1978) to calculate the area of a flare source of hard X rays
and microwaves from data without spatial resolution. The area calculation is
made by assuming that a single thermal distribution of energetic electrons
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emits the microwaves (thermal gyrosynchrotron radiation) and the hard X rays
(thermal bremsstrahlung). We show that the method yields values in agreement
vith those observed with spatially resolved hard X~-ray imaging instruments for
the two test cases considered. With this additional support for the method,
we go on to apply it to some rapid spike bursts and show that the thermal
conduction-front model fits the rise times of the rapid bursts. The rapid
bursts have rise times from 0.1 to 1.4 s,and allow us to extend the thermal
analysis to bursts almost 10 times more rapid than heretofore. The thermal
analysis of these bursts suggests that they occur in smaller coronal loops
vith unusually high magnetic fields, but represent part of a continuous family
of impulsive bursts with rise times as long as 20 sec, studied previously
(Crannell et al. 1978; Batchelor 1984; Batchelor et al. 1985). At present,
nonthermal models of flare hard X-ray and microwave bursts do not make
specific analogous predictions that can be compared with the results of the
thermal analysis. Such predictions are sorely needed to make a meaningful
comparison possible.

2. REVIEW OF AREA CALCULATION

The area of & hard X-ray and microwave burst source was calculated from
the Rayleigh-Jeans law:

A4 02

A, T (1)

8(f) = 1.36 x 10 o Te

f

vhere 8 is the microwave flux (solar flux units == 1 sfu = 10722 4 ™2 Hz"! at
a frequency f (Hz)_in the optically thick portion of the microwave spectrum,

is the area (CIz), and T_ is the temperature (deg K) found by spectral fit
to the hard X~ray spectrum. The units are those of Batchelor et al.; Crannell
et al. expressed the temperature in keV.

Equation (1) is strictly applicable only to a homogeneous thermal
source. There is evidence that variations in temperature and magnetic field
sometimes affect the spectra (Matzler 19783 Schochlin and Magun 1979; Dulk and
Dennis 1982). For the optically thick part of the microwave spectrum of
interest here, the result of these nonuniformities is to alter the index of f
in Bquation (1) to a value less than 2. Congiderations of a suitable model
for such a nonuniform thermal source lead to the conclusion that the central,
hottest part of the source is the origin of the optically thick emission of
maximum frequency. The most intense X-ray emission also would originate in the
hottest region of the source. Thus, if the index of the optically thick
microvave emission is less than 2, then the area can be approximated by using
the flux at the maximum frequency of optically thick emission in Equation (1).




3. TRST OF AREA CALCULATION

Two sources of data currently can be used to test the derivation of hard
X-ray area! the Hard X-ray Imaging Spectrometer (HXIS) aboard SMM, and the
tvo Solar X-ray Telescope (SXT) instruments aboard the Japanese Hinotori
spacecraft. S8XT data for one flare have been used by Wiehl et al. (1985), but
0o HXIS ares has been compared with the area of the same flare calculated by
this method. In addition, microwave observations from Bern and Sagamore Hill
vere available for these tests.

Test case 1: Hinotori SXT Observation

Wiehl et al. made use of the image of the 1981 August 10 flare at 0659:06
UT, published by Ohki et al. (1982). This i! lhogn in Figure 1 (a). The area
enclosed in the 401 peak contogt is 1.2 x 108 cm The temperature was found
by Wiehl et al. to be 3.1 x 10°K, by means of a thermal bremsstrahlung
function fit to the 30-500 keV spectrum from the Hard X-Ray Burst Spectrometer
(MXRBS) on SMM. Microwave spectra from Bern were available. The area
calculated fson 5quation (1), using a microwave flux of 779 sfu at 11.8 GHz,
is 1.3 x 10°° cm®,

Test case 2: HXIS Observation

In Figure 1 (b), the raw image data are shown for the 1980 May 21 flare
during the sharpest, largest rise in hard X rays. If we choose the 40X
contour again, for contgstegcy, 18 pixels are at the 402 level, yielding a
total area of 5.6 x 10°° cm“. The spectrum of microwaves was observed at
Sagamore Hill. Optically thick emission at 4.995 GHz was observed of
spproximately 1200 sfu. The teTgerasure from the HXRBS fit was 6.6 x 10%k.
The calculated area is 5.4 x 10*° cm”.

The close numerical agreement between measured and model-derived area in
each case is within the uncertainties, which were estimated to be a factor of
about three (Batchelor et sl.).

4., THE THERMAL CONDUCTION-FRONT MODEL AND THE DERIVED AREA

A thermal model for the production of hard X rays in impulsive flares was
originally proposed because the popular nonthermal models required intense
beams of electrons with embarrassingly large number densities and energies to
explain the observed hard X-ray fluxes from flares (e.g. Hoyng, Brown, and van
Beek 1976). Whereas bremsstrahlung of a nonthermal_beam in a thick target is
a very inefficient process, emitting only about 1077 of the electron energy as
X rays, thermal bremsstrahlung from a confined, thermally relaxed electron
distribution offered a much more efficient mechanism to produce the radiation,

ky)




*dn S} Yjaou IB[OS °SIABTJ oM} 103 BAIE
991Nn08 PIATAIP pPuUB INOJUOD 0y UFYIFA 90Inos
fvi-X 3O ®aiew udam}aq uosfaedwo) °| 2an3tjg

wo  OT X %9 ZHD § O WS 00I1) ware peremore)
g st
W0 O X 99 WRWXWE JO %0F « spxyd g7
g st

AR 08-9T
Pxd sod oes ore g

10 g¥E8908 oL
I ¥#980T ol (S86T T 1° TEIM)

wo O X €T {ZHD 8'IT © W3 gLL) vare pajemore)
WO OF X ZT SNOU0O 0P URIIM 9IS POInseoly

g 81
(2861 @ 1° PMO)
%0¥ %09 ‘%08 SINoJu0)

—upm oXe 9T

* 2 % ¢ ¢ L8 ¢
* * ? & © 9 & 8 ¢
L] S )
® 4 [S I
[ I3 1
s O ¢ ¢ ® ¢ T
Tz ®zT e A®Y 0902
10 98T :6990 OF,
LN 002'99'8S00 wWoig
T & s & M M .
Jeeouds Lamouryy
0861 ‘12 Avpy efewyy fus-y preH 1IXS —
yeeoudg NS ‘STXH
AN3AD 1884 ‘0L ONY
g o= T oo

NOLLV'INYIVO VAHV 40 ISAL

38




if the confinement was sufficiently good. Brown, Melrose and Spicer (1979)
introduced the idea that an impulsively heated electron population at the top
of a coronal loop might be confined by ion-acoustic turbulence excited by
electrons attempting to escape from the source. Smith and Lilliequist (1979)
explored this model with fluid simulations, and this led to a number of papers
by Smith and collaborators in which the model was refined. Many variations on
the thermal conduction-front model have since appeared in the literature.
Batchelor et al. (1985) gave arguments for the confinement of high-energy
microwave-emitting electrons in the source as well. A schematic of that
variation of the model appears in Figure 2.

It is assumed that heating of the electrons near the apex of a loop is
continuous until the peak of the hard X-ray burst or later. This is the
assumption of Smith and collaborators rather than Brown, Melrose and Spicer,
who assumed impulsive heating and studied the aftermath. Observational
evidence for this assumption comes from the time histories of fitted
temperature during the rises of bursts, which typically indicate rising
temperature. The theoretical arguments of Batchelor et al. suggest that the
microwave and hard X-ray-emitting regions are cospatial up to the peak of the
burst. It is justified then to use the area derivation described in Section 2
to estimate the loop length. If Equation (1) is “sf7 to derive A;, then the
half-length of the loop is proportional to Ly = A 2,

In the continuous heating version of the model considered here, the rise
time of the hard X rays is then the travel time of the conduction front from
the loop apex to the chromosryire. The velocity of the conduction front is
approximately c, = (kT /m ) » the ion-acoustic velocity. T_ is found from
the hard X-ray thermal brgmsstrahlung spectral fit. Therefore the rise time
of an impulsive burst in this variation of the model is L,/c_ = 1,. If the
assumptions of the model are valid, we should find t_, the rise t?me measured
from the time history of a spike burst, to be linearfy related to 1, , which
depends on spectral parameters only. This linear relation was fOung to hold
by Batchelor et al. for the set of 20 impulsive rises from different flares
with rise times ranging from 1.8 to 22 s,

The impulsive and continuous-heating versions of the model have been
studied analytically by MacKinnon (1985). That work supports our assumption,
tr = L /c_, given that heating continues for t 2 tt after the start of the
burst.

We proceed to test this prediction of the thermal conduction-front model
with data from additional rapid rises from two flares.

5. RAPID RISES IN THE 1980 JULY 1 FLARE

The flare produced a series of seven sharp peaks, superposed on a more
gradual component, which we treat as background. These peaks are shown in
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Figure 2. Schematic of the conduction~front model for emission of impulsive
hard X rays (30-500 keV) and associated microwaves.
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Pigure 3. Time-intensity plot of the seven rapid impulsive rises in hard X
rays (33-490 keV) on 1980 July 1, observed with HXRBS,




X rays in Figure 3. Microwave data were also available from Bern, courtesy

of A. Magun.

Hard X-ray spectra of the seven spikes were computed by fitting a thermal
bremsstrahlung function as described in Batchelor et al. Microwave fluxes
were computed at the maximum optically thick frequency. The observed and
derived parameters for these spikes appear in Table 1. The table includes
several parameters of interest _that_are defined by formulae in Batchelor et
al. The emission measure (n L, J) and temperature of the fitted thermal
bremsstrahlung function are fiste » uwand T_. The observed rise time, tey
and the predicted rise time, <t, , computed from S, f, and T,, are in
neighboring columns. The magnegic field is calculated from our estimate of
the peak frequency of the microwave spectrum, f, and from S, T_, and u (see
Equation (15) of Batchelor et al.). The formula is derived from the
simplified expressions for gyrosynchrotron emission by Dulk and Marsh
(1982). The electron density, n,, and thermal energy density, wy, are derived
from u and L,. The standard plasma B8 for the electrons is also given. The
< and > symbols with some values of B and 8 occur because f is a lower bound
on the microwave peak frequency.

Table 1
Observed and Derived Parameters for 1980 July 1 Spikes
Observed Derived from Model
No. ) Te S 3 t, 0 Lo B ng v 8
104 cm™3 108 sfu cHz s s 109 cm gauss 109 em™3 erg cm™3
1 .36 4,9 135 19.6 .8 | 1l.1 .22 325 5.7 580 .14
2 1.0 6.4 750 35 9 | 1.1 .26 >470 7.4 980 <.l1l1
3 53 5.7 39 19.6 .8 33 .11 270 19 2200 77
4 «22 6.5 82 35 1.0 4 ,086 >470 19 2600 <.29
5 .40 7.1 486 28 81 1.0 .25 350 5.0 730 .15
6 .43 7.3 89 35 1.0 | 1.1 .27 >440 4.5 680 <,.088
7 A4 7.8 1330 35 1.4 | 1.3 .32 >425 3.7 600 <.083

The seven pairs of t_ and t, are plotted in Figure 4, with the other pairs
c,lculcted by Batchelor et al. "(Spike 2 was included in previous work; the
six new values are indicated by diamond symbols.)

Noteworthy featufel of the parameters are the relatively high
temperatures, magnetic fields and densities, as compared with the set of rises
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Figure 4. Correlation of measured rise times of 34 impulsive rises with rise
times derived from the X-ray and microwave spectra, using the conduction
front model. Triangles: rises from different flares on the disk
(Batchelor et al.); pluses: rises from different flares on the limb
(Batchelor et al.); square: 1980 November 5, 2232 UT; diamonds: other
impulsive rises from 1980 July 1 flare; crosses: other impulsive rises
from 1984 May 21 flare. The square, diamonds and crosses are presented
her¢ for the first time. The dashed line is the linear least-squares best
fit to the (log tes log €. ) pairs,leaﬁluding limb events because of ‘
possible occultatior: t, = 1.12 ro‘ s correlation coefficient r = 0.96,
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studied by Batchelor et al. Association of high temperatures with high fields
is quite reasonable if the source of energy is magnetic reconnection. The
derived loop lengths are relatively small, which is interesting because the
flare was remarkably compact in Ha. The high densities might be expected in
relatively small, low-lying coronal loops.

6. RAPID RISES IN THE 1984 MAY 21 FLARE

Microwave and hard X-ray data on this event were first presented by
Kaufmann et al. (1985). This flare is discussed in detail by Correia et al.,
elsewhere in this volume. Several rapid rises in microwave flux at 90 GCHz
were observed, with t_ from 0.1 to 0.2 s. Seven clearly-resolved spike
features from the microwave bursts labeled B, C, and E (see Correia et al.)
were selected for analysis. In the simultaneous X-ray observations with
HXRBS, the time resolution (128 ms) did not permit complete resolution of the
spikes. The X-ray bremsstrahlung spectral fit was necessarily performed on a
blend of the first three spikes in feature C and on a blend of the first three
spikes in feature E. Feature B was resolved in both data sets. As in
previous cases, the slow component of emission was treated as background.

The observed and derived parameters for these seven spikes are given in
Table 2.

Table 2
Observed and Derived Parameters for 1984 May 21 Spikes
Observed Derived from Model
Label u Te S t, 9 Lo B ng vip 8
109%cm™3 108k sfu s 8 10%cm gauss 10%em™3 erg cm™3
B 0.12 7.9 20 0.2 | 0.059 0.015 > 940 180 29000 < 0.84
Cy 0.13 7.5 40 0.1 | 0.088 0.022 > 990 110 17000 < 0.44
c, 0.13 7.5 55 0.1 0.10 0.026 > 1000 817 14000 < 0.34
C,y 0.13 7.5 60 0.1 | 0.11 0.027 > 1000 81 13000 < 0.32
E, 9.32 4.5 15 0.1 ] 0.090 0.017 > 1400 250 23000 < 0.30
E, 0.32 4.5 35 0.1 0.14 0.027 > 1400 130 12000 < 0.16
Eg 0.32 4,5 40 0.1 | 0.15 0.028 > 1400 120 11000 < 0.14
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All derived values for this flare depend on observations at 90 GHz.
Because of the positive spectral index in each case from 30 GHz to 90 GHz, it
has been assumed that at 90 GHz the source is optically thick. The magnetic
field computations are lower limits, depending on the assumption that the
gyrosynchrotron spectral peak is > 90 GHz. More observations in this
microwave spectral range would help to determine the properties of these rapid
spikes more decisively. Values of t_ were found by measuring the time-
intensity plots of microwaves given Ey Correia et al.

The pairs t_  and v, corresponding to these seven spikes are plotted in
Figure 4 as "x" symbolg. The values of T, should be regarded as uncertain by
a factor of about three, due to blending of spikes in the X-ray spectral
analysis. Nevertheless, agreement with the linear relation found in t?eoether
cases is the result. The best linear least-squares fit is t_ = 1,12 v~°" ",
with a correlation coefficient r = 0.96. (The three limb flares were Smitted
from correlation analysis, due to the possibility of occultation effects.)

Unusually high values of B, 103 gauss and more, are derived foi thege
spikes. Loop sizes of a few hundred km, and densities of order 10 lem™ are
also implied. All of these properties are consistent with an origin of the
radiations in unusually low-lying magnetic loops.

Considering all of the impulsive rises analyzed here and by Batchelor et
al., we find sources sizes rangeing from 150 km to 27000 km, magnetic fields
raggigs from 110 gaTis Eg more than 1400 gauss, and densities ranging from
10%¢ to 2,5 x 10**cm °. In all cases, 8 < 1 is found, indicating
confinement of the plasma by the magnetic field, and that only a fraction of
the field had to be annihilated to supply the thermal energy of the plasma.
This is unlikely to result by chance alone, given the large range of
parameters contributing to 8, and suggests that the derived parameters are
physically meaningful.

7. CONCLUSIONS

The two test cases suggest that the area computation using Equation (1) is
physically meaningful. The analysis of rapid rises in the 1980 July 1 and
1984 May 21 flares leads to derived physical parameters that are reasonable
for a simple extension of the same thermal source confinement mechanism to
smaller loops with higher magnetic fields than usual. The linear relationship
of observed and model derived rise times found by Batchelor et al. is
supported for short rise times.

It bears repeating here that the linear relationship displayed in Figure 4
is not due to a strong correlation with t_ of any one of the parameters S, f,
and T, that are used to compute Tt . As sﬁown by Batchelor et al., t. is not
correlated with either S, f, or Toalone; only the combination of these
paraTeters to compute L, or T is correlated with tes consistent with the
model.




This thermal model provides a physically meaningful way of commecting
independent temporal and spectral parameters of impulsive hard X rays and
mnicrowaves. A challenge for future work is to develop comparable nonthermal
nechanisms to explain the relationship of the observed parameters in the
context of a nonthermal model.

This work was supported by NASA under grant NSG 7055, and by the National
Science Foundation under grant ATM-8312720. Stimulating discussions and
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ABSTRACT

The ploneering observational work in solar flare X-ray polarimetry was
done in a series of gatellite experiments by Tindo and his collaborators in
the Soviet Union; initial results showed high levels of polarization in X-
ray flares (up to 40%), although of rather low statistical significance,
and these were generally interpreted as evidence for strong beaming of
suprathermal elecfrons in the flare energy release process. However, the
results of the polarimeter flown by the Columbia Astrophysics Laboratory as
part of the STS-3 payload on the Space Shuttle by contrast showed very low
levels of polarization. The largest value - obgerved during the impulsive
phase of a single event - was 3.42 + 2.2%, At the same time but
independent of the observational work, Leach and Petrosian (1983) showed
that the high levels of polarization in the Tindo results were difficult to
understand theoretically, since the electron beam 1is 1isotropized on an
energy loss timescale -~ an effect which substantially reduces the expected
levels of polarization, although not to zero. A subsequent comparison by
Leach, Emslie, and Petrosian (1985) of the impulsive phase STS-3 result and
the above theoretical treatment shows that the former is comnsistent with
several current models and that a factor of ~3 improvement in sensitivity
is needed to distinguish properly among the possibilities. 1In addition,
there is reason to expect stronger polarization effects at higher
energies: There may have been a strong thermal component to the flare at
the energies seen by the STS-3 instrument (predominantly below 10 keV), and
in adddition the preponderance of Y-ray ( = 300 keV) events oun the solar
1imb (Rieger et al. 1983) suggests that beaming must be important at
sufficiently high energies.

* Presidential Young Investigator
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Here we point out that a satellite fastrument with the necessary sen-
sitivity and high energy response to make meaningful and ismportant measure-
uents {s well within current technological capabilities. We describe an
instrument whose sensitivity for a wmoderate (M class) event approaches
polarization levels of 1X in each of 7 energy bins spanning the 10 to 100
keV range for integration times as short as 10 seconds. Comparable results
can be obtained for an X class flare in 1 second.

l. Solar Flare X-ray Polarimetry

The 1idea that X-ray emission from solar flares might be 1linearly
polarized and that polarization measurements could therefore provide a
strong flare diagnostic was first discussed by Korchak (1967) and Elwert
(1968). Subsequent theoretical investigations (Elwert and Haug 1970, 1971;
Haug 1972; Brown 1972; HRenoux 1975; Langer and Petrosian 1977; Bai and
Ramaty 1978; Emslie and Brown 1980) have resulted in polarization
predictions for a variety of models. There are two extreme classes of
models under iavestigation, termed "thermal”™ and "non-thermal”, whose phys-
ical difference lies principally in whether the electrons responsible for
the bremsstrahlung are part of a relaxed distribution or of a suprathermal
tail, Although some form of hybrid wmodel (e.g., Elmslie and Vlahos 1980)
is probably appropriate for actual events, the basic components differ
significantly 1in their polarization predictions: the thermal models
predict polarizations of at most a few percent, due to either photospheric
backscatter of primary photons (Henoux 1975), or an anistropy in the source
electron velocity distribution, caused by the presence of a field-aligned
thermal conductive flux (Elmslie and Brown 1980). The beamed or linear
bremsstrahlung models, on the other hand, predict quite high polarizations,
of the order of 10% for the spatially integrated radiation field, and even
higher than this for the collisionally thin upper portions of the flare
loop (Leach et al. 1985).

The two models also predict different directivities with the non-
thermal models tending to give anistropic distributions (Elwert and Huag
1970, 1971), although the intrinsic effect 1is substantially reduced by
photospheric backscattering (Bai and Ramaty 197%). Stereoscopic observa-
tions by Kane et al. (1980) put limits on the anistropy and tend to favor
the thermal models, but are thus far not conclusive. Recent gamma ray
obgservations from the Solar Maximum Mission Observatory show that above 300
keV more flares are observed at the limb of the solar disk than at the
center (Rieger et al. 1983, Vestrand 1985). Dermer and Ramaty (1985) have
attributed this apparent beaming to electron beaming parallel to the
surface of the sun. It is important to recognize that the observations of
photon beaming directly imply non-vanishing polarization. The beaming
observations that have been made to date are purely statistical in
nature. They require one to compare the photon fluxes from differeant solar
flares; since no two flares are the same, this 1is a very suspect
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procedure. Polarimetric observations provide direct evidence for electron
beaming within a particular flare without recourse to any data from a
different flare.

The pioneering observational work in solar X-ray polarimetry was done
in a series of satellite experiments by Tindo and his collaborators in the
Soviet Union (Tindo et al. 1972a, 1972b; Tindo, Mandel'stam, and Shuryghin
1973; Tindo, Shuryghin, and Steffen 1976). Initial results showed high
levels of polarization (up to 40X), although of rather low statistical
significance, and these were generally interpreted as evidence for strong
beaming of the electrons. These results are shown in Pigure 1 where they
are compared to the theoretical calculations of Bal and Ramaty (1978). The
theoretical curve marked “thermal™” in this figure 1is the polarization
expected to arise by X-ray backscattering in the photosphere when the in-
trinsic flare radiatiog 1is unpolarized (and so presumably thermal in
origin). The results of the polarimeter flown by the Columbia Astrophysics
Laboratory as part of the 0SS-1 payload on the Space Shuttle mission STS-3
by contrast showed very low levels of polarization - no more than a few
percent. At the same time but independent of the observational work, Leach
and Petrosian (1983) showed that the high levels of polarization in the
Tindo results were difficult to wunderstand theoretically, since the
electron beam is isotropized on an energy loss timescale —~ an effect which
substantially reduces the expected levels of polarization, although not to
Zero. Recently Haug, Elwert, and Rausaria (1985) also considered the
effect of electron scattering on electron beaming and X-ray polarizationm.
These workers predict higher polarization than Leach and Petrosian but it
is {mportant to note that Haug et al. consider only a straight electron
path, they do not consider the curvature of the electron path in the flare,
an effect which will almost certainly reduce the polarization. In Figure 2
we compare the results of Tindo et al. (1976) to the predictions of Leach
and Petrosian (1983) (which do not 4include photospheric backscatter
effects). For comparison we again show the predictions of Bai and Ramaty
(1978) which do include a photospheric backscattered component, but which
predict a higher 1iantrinsic source polarization due to their approximate
treatment of the beam—target interaction. In Figure 3 we compare the STS-3
results to the calculations of both Bai and Ramaty and Leach and Petrosian.
These results are considerably below those of Tindo and all of the theore-
tical results. As noted on Figure 3 one of the STS-3 events was impulsive
in nature. A subsequent comparison by Leach, Emslie, and Petrosian (1985)
of the (impulsive phase) STS-3 result and the above theoretical treatment
shows that the former are cousistent with several current models (see
Figure 4) and that a factor of ~3 improvement in sensitivity is needed to
distinguish properly among the possibilities. In additfon, there is reason
to expect stronger polarization effects at higher energies: Although the
predicted polarization -urves of Leach and Petrosian (1983) are only weakly
energy dependent (up to at least 100 keV), there may be a strong admixture
of thermal X-rays at the energies seen by the STS-3 instrument (5-20 keV,
but predominantly below 10 keV)., As Leach, Emslie, and Petrosian (1985)
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stress, this thermal “contamination” will tend to reduce the observed
polarization, but the effect should decrease sharply with increasing energy
(see also Emslie and Vliahos 1980), so that the need for higher energy
observations 1is clear. Further, in the case where the coronal component
can be observed in isolation, such as in a flare whose footprints are just
behind the occulting photospheric limb, the predicted polarization is much
higher (Leach et al. 1985). Thus we clearly see that better polarimetric
obgservations are. needed, particularly at high energies where thermal
effects are unimportant. In the next section we describe a new polarimeter
that is designed to answer the outstanding questions regarding electron
beaning and scattering in solar flares.

2. AN IMPROVED SOLAR FLARE POLARIMETER

The previous STS-3 instrument exploited the polarization dependence of
Thomson scattering (see Figure 5). The targets (whose dimensions are set
by the relevant scattering length) were 12 rectangular blocks of metallic
lithium, monitored on two of the four sides by xenon—-filled proportional
counters; there were thus effectively six targets. The low energy thres-
hold was set at ~5 keV by photoelectric losses in the lithium, the high
energy cutoff by the transparency of the proportional counters at ~20
keV. The improved instrument uses plastic scintillator (composed mainly of
carbon) in place of the lithium targets, which raises the low energy
threshold to ~10 keV. The xenon counters are in turn replaced by sodium
iodide detectors; this extends the high energy response upward to 2 100
keV,

A fundamental improvement in background rejection results from using
the carbon target in the form of plastic scintillator. A sufficiently high
energy photon which {nteracts in the target will give rise to a Compton
electron which can be detected by a photomultiplier tube which monitors the
optical output of the target from below. This can then be used as a
trigger for the acceptance of events in the Nal(Tl) detectors. Although
the exact value of the Compton threshold (experimentally found to be ~40
keV) 1is somewhat uncertain, the ultimate performance of the instrument is
not very sensitive to the precise value. The reason is that at energies
which are 1low enough for the detection of the Compton electron to be
difficult, the source fluxes are high enough that the background is simply
not a problem [It was not a problem for example in the STS-3 polarimeter].
Conversely, at energies which are sufficiently high that good background
rejection {s essential (because of the low fluxes), the Compton electron
will have enough eanergy that it will be relatively easy to detect. Ian fact
since both target and detector eveats will be recorded in flight, the
precise value of the Compton threshold can be chosen post-flight to
optimize the polarization respouse.

Because the NaI(Tl) detectors are relatively compact, a large number




of target/detector assemblies can be packed into a relatively small
space, We further plan to adopt a hexagonal geometry (as opposed to the
square geometry used on STS-3); this results in an improved modulation fac-
tor which in turn results in higher sensitivity and reduced vulnerability
to systematic effects. Current plans are for an array of 37 targets each
surrounded by 6 detectors (the latter shared by 2 targets, except on the
periphery) (see Figures 6, 7 and 8). Such an array would be 28 in. in
diameter. This result will increase the sensitivity by a factor of

v(37/6) =2.5 over the STS-3 instrument in the region where the bandwidths
overlap; the high energy response will be extended upward simultaneously by
a factor of 5. The entire polarimeter assembly will be rotated to avoid a
large number of possible systematic effects (instrumental polarization).
With a static polarimeter it is necessary to compare the counting rates in
different sodium iodide detectors. Since the sensitivity and spectral
responses of such detectors are difficult to monitor this procedure can
lead to false indications of polarization. With a rotating polarimeter one
searches for a modulation of the response of each detector. The depth of
modulation and phase are simply related to the degree of polarization and
the position angle of the polarization vector. By rotating the polarimeter
at 20 RPM only 1.5 seconds 1is needed for a determination of the
polarization of the incident X-rays. This is clearly desirable for solar
flares which vary rapidly in intensity.

Preliminary sensitivity ecalculations for the instrument described
above for 5 typical (moderate) flares are shown in Table I; the flare
parameters were taken from actual observed events (Lemen 1981). Assumed
integration times are 10 s in each case. Note that sensitivities of a few
percent are routinely attained up to ~100 keV energies.

3. CONCLUSION

In this paper we have described a new solar flare X-ray polarimeter
that has sufficlent sensitivity so that it can be used to detect and
measure the polarization that 1is predicted to arise from beaming in solar
flares even when suitable account is taken of electron scattering. In
Figure 9 we show the sensitivity of the polarimeter to an M-3 flare in 10
seconds or for an X-3 flare in 1 second; in both cases we have agssumed a
spectral photon index of 4.4. Note that the sensitivity is 22 or less at
energies up to 50 keV. At these energies unpolarized thermal emission from
the flare should be unimportant (Elmslie and Vlahos 1980). It is also
important to note that the instrument has sufficient sensitivity to detect
the polarization expected due to X-ray back—-scattering in the
photosphere. Since this phenomenon must be present the polarimeter will
certainly yield a positive result. Any deviation of the observed polariza-
tion from that due to back-scattering must be attributed to intrinsic flare
polarization resulting from electron beaming. (Backscatter can reduce the
intrinsic source polarization if the angles are right.) This polarimeter
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represents & considerable improvement over the STS-3 instrument, especially
at high energies where the contaminating effects of unpolarized thermal
radiation are relatively unimportant. The design is based on laboratory
tests of 1individual wmodules, oun detailed computer simulations, and it
iacorporates the heritage of several successful rocket flights as well as
that of the STS-3 experiment. This polarimeter is well matched to the
outstaading questions about electron beaming and scattering 1in solar
flares.
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Table I
Folarisation Sensitivities Slaz Predicted for Five Typical Flares
(10 second observation time)

1. Photon flux at 1 keV = 1.35 x 105 photons en2 ¢71 kev!
Spectral index = 3.34
Classification = M2

Energy Range Polarization
10-20 keV - 1.25%
20-30 keV 1.702
30-40 keV : 2.692
40-50 kev 3.89%
50-60 keV 5.40%
60-150 kev 4,252

2. Photon flux at 1 keV = 3.60 x 107 photons ca~2 571 kev~l
Spectral index = 4,28
Classification = X2

Energy Range Polarization
10=-20 keV 0.27%
20-30 keV 0.46%
30~-40 kev 0.87%
40-50 keV 1.412
50-60 keV 2,152
60~-150 keV 2,012

3. Photon flux at 1 keV = 2.61 x 107 photons cn 2 57! gev!
Spectral index = 4.66
Classification = M3

Energy Range Polarization
10-20 keV 0.52%
20-30 keV 1.01%2
30-40 keV 2.02%
40-50 keV 3.44%
50-60 keV 5.47%X
60-150 keV 5.46%
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Table I {(continued)
Polarization Sensitivities (10) Predicted for Five Typical Flares

(10 second observation time)

4. Photon flux at 1 keV = 2,49 x 107 photons en 2 87! gevl
Spectral index = 4.36
Classification = M3

Energy Range Polarization
10-20 keV 0.36%
20-30 keV 0.63%
30-40 keV 1.20%
40-50 keV 1.97%
50-60 keV 3.03%
60-150 keV 2.87%

S. Photon flux at 1 keV = 2.30 x 105 photons cn2 g7 gev!
Spectral index = 3.0
Classification = M2

Energy Range Polarization
10-20 keV 0.60%
20-30 keV 0.75%
30-40 keVv 1.122
40-50 keV 1.55%
50-60 keV 2.09%2
60-150 keV 1.74%
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Pigure 1: Cowparison of the polarization results of Tindo (1976) with the
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Figure 2: Comparison of the polarization results of Tindo (1976) with the
theoretical results of Bai and Ramaty (1978) and of Leach and
Petrosian (1983). Note that the theoretical curves of Leach and
Petroslan are generally below the polarization results of Tindo.
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rotation polarization manifests itself as a modulation of the
signals in each of the NaI(Tl) detectors, the amplitude of
modulation is simply related to the degree of polarization and
the phase of the modulation to the position angle of the
polarization vector.
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HARD X-RAY EMISSION

Upendra D. Desai and Chryssa Kouveliotou

Laboratory for Astronomy and Solar Physics
NASA Goddard Spece Flight Center

C. Barat, K. Hurley, M. Niel, R. Talon, and G. Vedrenne

Centre d’Etudes Spatiale de Rayonnment
Toulouse, France

Abstract

Several solar hard X-ray events (> 100 keV) have been observed simul-
taneously with identical instruments on the Venera 11, 12, 13, 14 and Prognoz
spacecraft. High time resolution (= 2 ms) data were stored in memory when
a trigger occurred. We present the observations of modulation with a
period of 1.68 f>r the event on 1978 December 3. We also present evidence
for fast time fluctuations from an event on November 6, 1979, observed from
Venera 12 and another on September 6, 1981, observed from the Solar Maximum
Mission. We have used power spectrum analysis, epoch folding, and Monte
Carlo simulation to evaluate the statistical significance of persistent
time delays between features. The results are discussed in light of the
MHD model proposed by Zaitsev and Stepanov (Soviet Astron. Letters, 1982,
8, 132, and Solar hysics, 1984, 92, 283).

l. Introduction

Light curves of a number of solar flare events observed in microwaves
and/or X-rays with high time resolution (~ 0.1 s) show distinctive fea-
tures during the rise and/or decay phases. The time histories of hard
X~rays observations with time resolution of about a second on TD-~l1A
could be resolved into “elementary flare bursts” with full width at half
maximum of 4 to 25 s (van Beek 1974, de Jager and de Jonge 1978). The study
of a number of such elementary flare bursts in a single event or their dis-
tribution in time was not pursued in earlier papers. Recently, Loran
et al. (1985) have simulated the fast ripple structure by incorporating
in their model a variable repetition rate of these elementary bursts.
Sturrock et al. (1984) have tried to associate elementary event bursts
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with "elementary flux tubes”, thus suggesting that the features are spatial
in origin, However, Ohki (1985) reports from Hinotori imaging data
that the small size of the sources of 1impulsive flares and the lack of
motion indicate that spikes are temporal rather than spatial in origin,
i.e. that the same flux tube flares repeatedly.

Pioneering observations of solar hard X-rays (> 20 keV) by Parks
and Winckler (1969) with a balloon-borne detector revealed significeant
power at a period of 16 s. They also reported similar simultaneous
behavior in microwaves at 15.4 GHz. Frost (1969) reported the existence
of modulation in 0SO-5 data with a period of 35 s. Rosenberg (1970) ana-
lysing the solar radio event of February 15, 1969 (160-320 MHz), reported
modulations with a period of 1| 8. He explained the modulations on the
basis of magnetohydrodynamic (MHD) oscillations in a coronal magnetic flux
tube. Janssens et al. (1973) also reported periodicities in radio data.
In two homologous microwave events on May 29, 1980, Urpo (1983) has reported
features with an average separation of 3.04 s. Recently Zodi et al. (1984)
have reported 1.5 s pulsations in both 22 GHz and 44 GHz high time resol-
ution microwave data. Wiehl and Matzler (1980) studied both hard X-ray
and microwave events and reported the existence of quasi-periodic modu-
lations with periods as short as five seconds. In their study a change of
slope during the rise or fall was accepted as a modulation feature.

In the studies mentioned above emphasis has been given on results
that demonstrate periodicities or quasi-periodicities. We preseat solar
events which show the prevalence of persistent time-delays between suc-
cessive or alternate features indicative of the existence of a synchro-
nized series of features. We examine this in the light of the proposed
MHD model of Zaitsev and Stepanov (1982, 1984). Various models have
been proposed to explain pulsations both 1in hard X-rays and in radio
data (Rosenberg 1970, McClean et al. 1975, Chiu 1970).

Power spectrum analysis of transient events to find out periods
which are fractions of the total duration of the transients are not
adequate. We have also pursued auto correlation, the epoch-folding tech-
nique, and Monte-Carlo stimulati - statistically evaluate the persist-
ence of delay times between featu In highly dynamic turbulent phenomena
like solar flares, strict peric. .ties may not prevail but parameter
dependent characteristic times - rise, decay, and delay times - could
prevail.

2. Obgervations

Observations reported here were made on the Venera 12 deep space
probe (V)7) and the Earth orbiting Solar Maximum Mission (SMM) satellite.
Detailed discriptions of the instrumentation have appeared in Barat et al.
(1981), Chambon et al. (1979), and Orwig et al, (1980). The basic detec-
tors on V), are 4.5~cm radius, 3.7-cm thick NaI(T4) scintillators with a




plastic anticoincidence shield; the Hard X-Ray Burst Spectroamete: (HXRBS)
on SMM consists of a CsI(Na) scintillator surrounded by a CsI(Na) shield
with an opening angle of ~ 40° FWHM. In both detectors, an increase in
counting rate above a certain threshold initiates data storage in memory.
The finest time resolution available is 2 ms for V2 and 1 ms for SMM,
The average photon energy threshold is ~ 100 keV for V), and ~ 30 keV
for SMM. For the present study data with 109 ms and 15 ms integration
are used for V)7 and 128 ms for SMM data.

The Event on 1978 December 3

On 1978 December 3 at 20M30™ UT, an Ha flare of importance SB was
observed from McMath region 15694 located at S22E65. Figure 1 shows the
time history of the hard X-rays observed from V), with 109 ms resolution.
V]2 was closer to the Sun than Earth-orbiting spacecraft and consequently
had better statistics. The total duration of the event was 16 s with
the maximum counting rate occurring 9 s from the start. Significant tem—
poral variations are seen during the rising phase. The filtered data are
shown at the bottom of Figure 1 with the times of various statistically
significant peaks indicated. Two series of peaks with delay times of
about 1.6 s are indicated in the figure. Figure 5 shows the histograms
of the delay times between alternate features. The amplitude of the
pulses of the first series appears to be constant while the amplitude
of the second series of pulses 1s growing. The average pulse profile
after proper phase folding for 6 cycles is also indicated in Figure 4a.
The shape of the first series of pulses is symmetrical with rise and
decay times of about 300 ms. The time-varying second series of pulses
is poorly defined statistically. During the decay phase after about 11
8, the pulsations are significantly attenuated.

Bogovalov et al. (1983) have analysed several solar events for
quasi-periodicities and have reported for this same 1978 December 3
event pulsation frequencies of 1.22 + 0.03 Hz and 0.50 % 0.03 Hz with
992 confidence 1limits. We have also carried out the power spectrum
analysis and agree with their results, but to emphasise the existence of
two synchronised series of features, we have also used the epoch-foldin
technique and evaluated the x“ for various periods. We found that x-
peaks at a period of 1.64 s.

The light curve of this event shows a succession of ten prominent
peaks. The times of occurrence of all ten peaks can be described as a
periodic series of seven peaks with an "inter-pulse” which occasionally
appears at a stable phase. The probability of the peaks happening with
this arrangement can be calculated by a Monte Carlo simulation. Specif-
ically, we ask what 1is the probability that ten peaks can be randomly
scattered and yleld ten "hits” to a periodic peak with interpulse. In
one thousand Monte Carlo trials none demonstrated perifodicity. In fact,
on average, only four out of ten peaks could be fitted into a periodic
pattern.
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Figure 1. Time history of the December 3, 1978 event with the filtered
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the 2 synchronized time series mentioned in the text.




The Event on 1969 November 6

A second event occurred on 1969 November 6 at 08M38® yT. Figure 2
shows the light curve with 109 ms resolution. The total duration of
the event 1is about 10 8. There are three major features and three
secondary features. The delay times between both series are indicated in
Figure 2. The folded light curve of the pulse profiles is presented in
Figure 4b with a time resolution of about 15 ms. Time variations down
to 0 ms are seen in the average pulse profile. The initial rise occurs
within 150 ms and the decay takes ~ 360 ms. The distribution of inter-
val times between features is shown in Figure 5.
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Figure 2. Time history of the November 6, 1979 event.
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The Event on 1981 September 6

Another gshort event which shows well defined multiple pulse struc-
ture occurred on 1981 September 6 at 23"53R UT. Figure 3a shows the
total event. A time~expanded view of both the 1initial low level and
later high intensity multiple structures are shown in Figure 3b. There
is a total of nine peaks with a characteristic time delay of ~ 2.5 s.
The light curve could also be interpreted as repetitive groups of three
peaks with a time delay of about 6 s. The successive light curves of
these groups are shown in Figure 4c. This pattern is revealed at energies
up to 300 keV. The distribution of interval times between features is
shown in Figure 5.
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Figure 3. Time history of the September 6, 1981 event.
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In order to evaluate the characteristic parameters of the repetitive
features we have epoch-folded appropriate intervals of the light curves
of events 1 and 2 and the results are shown in Figure 4a and 4b, respect-
ively. The similarities of the features of the third event are revealed
by the aligned profiles of Figure 4c.
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Common temporal aspects of the pulsed features of events

1, 2 and 3.
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All of these events are short with total durations not exceeding
40 s. Significant features with widths of about a second are revealed
as distinct peaks with persistant delays between them. The characteristic
time delay for three events is 1.6 s, 2.3 s, and 6 s, respectively.
Figure 5 shows the frequency distribution of these intervals for all 3
events.,
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Figure 5. Frequency distribution of the alternate time intervals between
significant features of the three events.
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The ratio of the amplitude of the pulse AJ to the average intensity
J 18 ~ 502. The pulses occur at energies up to 360 keV. The amplitude
of the successive peaks of the December 3 event are nearly constant giving
a high value of the quality Q of the assumed generating oscillator, where

Q= vt/P, t is the e-folding time of the decrease in the pulse ampli-
tude, and P is the pulse period. In Figure 6a,b, and c, we show the
simultaneous behavior at various energies for all events.
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Figure 6. Time profiles at various energies for all 3 events.
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We have studied the evolution of the X-~ray spectrum for the event
of September 6, 1981 with a time resolution of 256 ms. Figure 7 shows
the spectral index A; of the best fitted power law along with the inten-
sity profile of the event. At least three of the peaks are associated
with lower power law index values indicating a harder spectrum than in
the valleys. This type of behavior of spectral variation is also reported
by Kosugi (1985) at this meeting.
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Figure 7. Temporal variation of the power law index A) and the HXRBS
count rate for the event of September 6 in the energy range
from 30 to 290 keV.
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In the 1QP model reported by Zaitsev and Stepanov (1982, 1984),
compact (< 10 cm) magnetic loops with plasma density and electron
temperature one or two orders of magnitude higher than the ambient values
are considered as the resonators for fast mode MHD waves. The period P
of fast magnetoacoustic oscillations in a loop with a rdadius r that is
much smaller than the length 1is given by the following expression:
2 2\-1/2
P = r(cA + cs)

where c, is the Alfven speed apd cg is the sound speed. With r between
10° and 10°cm and (cg + cs)1 2 2108m s7!, one gets P in the range
of 1-10s, in good agreement with our results. Values of the period P,
the degree of modulation AJ/J, and the quality of the oscillator Q obtain-
ed from the observations enable estimations to be made of the plasma
density, the plasma temperature, and the magnetic field strength in
the loop (Zaitsev and Stepanov, 1982).

This type of aqflysis for the three events presented here indicates

temperatures of ~ 10’ K, magnffic fields of ~ 100 Gauss and plasma
densities between 1010 and 1014cm=3. These are 1in general agreement

with values of these parameters derived from other models.

We want to thank B.R. Dennis for providing SMM-HXRBS data, for
critically reviewing the text, and for suggesting valuable improvements
for this final presentation.
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EVIDENCE FOR BEAMED ELECTRONS
IN A LIMB X-RAY FLARE OBSERVED BY HXIS

Eberhard Haug and Gerhard Elwert
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Universitit Tiibingen, F.R.G.

The limb flare of 1980 November 18, 14:51 UT, was investigated on the basis
of X-ray images taken by the Hard X-ray Imaging Spectrometer (HXIS) and of
X-ray spectra from the Hard X-Ray Burst Spectrometer (HXRBS) aboard SMM. The
impulsive burst was also recorded at microwave frequencies between 2 and 20
GHz whereas no optical flare and no radio event at frequencies below 1 GHz
was reported. The flare occurred directly at the SW limb of the solar disk;
this fact allows to study the height variation of the X-ray emission. Dur-
ing the impulsive phase several X-ray bursts of short duration (elementary
flare bursts) were recorded by HXRBS at energies between 29 and ~300 keV
(Fig.1) and by the high-energy bands of HXIS (16 - 30 keV).

10000 W T 'y L. l A ' A A A l 1 A A L X l L ] 1 A '] l L 2000
HXRBS HXIS
cts/s [ cts/s
8000 — — 1600
6000 _1 —~ 1200
4000 — [~ 800
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14:50 14:52 14:54 wse UT 14:58

Fig. 1. Time evolution of the soft and hard X-radiation as observed by HXIS and HXRBS, respectively.

Deconvolved contour maps of the flare site (Fig.2) show that during
the short~term spikes the 22 - 30 keV radiation is mainly emitted from a
compact area close to the solar limb. In contrast, the source of the last
major X-ray spike which has a longer duration of about 15 sec and a softer
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Fig. 2. 22-30keV coatour maps of the flare region for the time periods (a) [4:51:37-14:51:58,
(b) 14:52:45-14:53:05, and (c) 14:53: 1014 : 53 : 33. The contour levels correspond to 100, 50, 25, 12.5,
and 6.25%, of the peak counting rate.

spectrum is situated at greater heights in the solar atmosphere. The hard
X-ray light curves of the short-time bursts are in very good agreement with
the microwave time profiles whereas the broader X-ray spike is missing in
microwaves.

Taking advantage of the spatial resolution of the HXIS images (8" corre-
sponding to ~6000 km on the Sun), the time evolution of the X-radiation ori-
ginating from relatively small source regions can be studied (Fig.3). In par-
ticular, the elementary flare bursts which are observed by HXRBS without spa-
tial resolution may be attributed to different source regions.

b a

count rate
counl 1ate

e

Li HJLI |.

1451 1453 1455 [TA S 1459 1453 1485

Fig. 3. Time evolution of the 22-30 keV count rates in areas
A (a) and B (b). The marks on the abscissae denote the maxima
of the corresponding uard X-ray spikes of Figure 1,
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During the impulsive phase of the flare the hard X-ray spectra gen-
erally could be well fitted to a power law with spectral index y (Fig.4).
Using the HXIS count rates of individual pixels it is possible to deter-
mine the spectra of X-rays originating from different source regions. Parti-
cularly, in limb flares the height variation of spectra measured simultane-
ously can be studied. This was performed for the regions around the compact
source of the short-term X-ray spikes. During these bursts the spectra are
quite hard (y = 3.2 to 4) and there is a systematic trend of the spectral
index Yy to increase with increasing height of the source above the solar limb.

S

3
log®tw)
3
10
1w, 8)
2
10"
1
0 1070}
-1
107
-2
- 107
-3 HXIS ~——————— HXRBS
-‘ N L N N N N N 10-9 i " i A FIDN W S S Y i i " A4,
35 S 7 10 1520 30 50 70 100 150200 300 10 20 30 40 60 80100 150200 300 400 600
holkev) he (keV}
Fig. 4. Composite HXIS and HXRBS Fig. 5. Theoretical variation of X-
spectggm (x—r§¥ flux ¢(hv) in units ray spectra, produced by electrons
of cm “s lkev ) taken during the injected with a power-law energy
first hard X-ray spike around distribution, with increasing column
14:51:56. The straight line repre- density traversed, N. The electron
sents the best fit to a power law spectral index is 6§ = 5, and the
with spectral index y = 3.88. ordinate scale is in arbitray units.

Using Monte Carlo computations of the energy distribution of energetic
electrons traversing the solar plasma, the bremsstrahlung spectra produced
by these electrons have been derived (Haug et al., 1985). Under the assump-
tion that the electrons are injected at high altitudes in the corona, e.g.,
at the top of a magnetic loop, with a power-law spectrum in kinetic energy,
the resulting X-ray spectra are hardest at high column densities cf the
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plasma traversed by the electrons, i.e., at low altitudes (Fig.5). This is a
consequence of the more rapid slowing down of the less energetic electrons
due to Coulomb collisions. The observed hardening of the X-ray spectra with
daecreasing altitude of the X-ray source is consistent with the existence of
nonthermal electron beams precipitating from the corona toward the dense lay-
ets of the solar atmosphere. The compact X-ray source situated close to the
solar surface can be interpreted as the footpoint of a flaring loop; the
other footpoint is occulted by the solar disk. This interpretation is also
in accordance with the fact that after the short-term spikes the differences
between the y values of regions at various altitudes have decreased consider-
ably. Moreover, the spectra have softened. These characteristics indicate
that the injection of electrons has ceased and that the energetic particles
have thermalized.

A full account of this work has been given in Solar Physics 99, 219
(1985) .
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Abstract

An analysis of the starting time in ten great hard x-ray bursts observed
with HXRBS is presented. It is shown that the impulsive phase of nine of them is
composed of a pre-flash phase, during which the burst is observed up to an energy
limit ranging from some tens of keV to 200 keV, followed ten to some tens of
seconds afterwards by a flash phase, where the count rate rises simultaneously
in all detector channels. For two events strong gamma-ray line emission is
observed and is shown to start close to the onset of the flash phase.

1. Introduction

Hard x-ray and gamma-ray observations from SMM have shown that energetic
electrons and ions are accelerated since the early stage of solar flares. There
is nevertheless still controversy as to whether high energy electrons and ions
are accelerated simultaneously with electrons of lower energy or whether a
second, distinct step of acceleration is necessary to account for high particle
energies. This controversy arose mainly from analyses of the temporal evolution
of hard x-ray bursts, where in a minority of cases high energy peaks were
observed to lag those at lower energies. This was ascribed to the acceleration
process itself by several authors (e.g. Bai and Ramaty, 1979; Bai and Dennis,
1985), whereas others showed that the interaction of energetic electrons with
the background plasma can account for such delays (Vilmer et al., 1982). In fact
the interaction effects make the peak time analyses yield ambiguous results. On
the other hand, as hard x-ray emission is the immediate response of a plasma to
the injection of energetic electrons, the starting time of the burst is not
affected by the above-mentioned ambiguities. It is clear, however, that this
paramester is influenced by the energy-dependent detector threshold.




Studies of the onset phase of the radiation from snergetic electrons in
solar flares are still rare. Porrest and Chupp (1963) concluded for two events
that the hard x-ray and gamma-ray observations were compatible, within the
limits of detector sensitivity, with a simultaneous start of photon emission
from 40 keV to 8 MeV. Benz et al. (1983) considered hard x-rays and radio wvaves
at the very beginning of the impulsive phase. They found in some events evidence
for two components of the impulsive phase: a weak hard x-ray emission lasting up
to one minute, followed by a steep rise within some -2conds to the peak count
rate. They termed these phases respectively pre flash and flash phase.
Subsequently Raoult et al. (1985) showed for a series of energetic hard x-ray
bursts a systematic evolution from the pre-flash phase, associated with metric
type III bursts, to the more energetic flash phase with associated continua in
the decimetre to metre waveband (type V burst).

In this contribution we present an analysis of the onset phase of hard x-
ray bursts aiming at the precise definition of the starting time of the burst in
each detector channel. The paper focusses on the ocbservational results. Section
2 introduces the method of analysis and the selection criteria for the studied
events. The results are presented in section 3 and discussed in section 4 with
respect to relevant observations in other ranges of the electromagnetic
spectrum.

2. Method

We have analyzed the starting time of ten hard x-ray bursts ocbserved with
the Hard X-ray Burst Spectrometexr (HXRBS; Orxrwig et al., 1980) on the Solar
Maximum Mission. These events had peak count rates above 7000 g1 integrated
over all detector channels (HXRBS event listing; Dennis et al., 1982), Six of
them exhibit significant emission in the 4 to 8 MeV band of the Gamma—-Ray
Spectrometexr (Chupp, pers. comm. ). For some of the events ISEE 3 data were also
available (courtesy S.R. Kane).

In order to define a starting time of the burst, we computed in each
channel the background count rate (mean value) and the noise (standard deviation
¢) in the minutes before burst onset. The starting time was defined by the
instant after which for the first time three successive count rate values
exceeded the background + no — level. We considered separately the cases n=3 and
n=5 in orxrder to have an approximate measure of the uncertainty of our results. In
all channels count rates integrated during 1.024 s were used.

3. Results

FPig. 1 shows the results for the strongest event of our sample, the
neutron flare of 1982 June 3. Crosses give the photon energy where the count rate
exceeds the threshold value, as a function of time: horizontal error bars
delimit the time interval between the 3 ¢ and 5 ¢ levels' being exceeded (if no
error bars are plotted, these levels are exceeded simultaneously), vertical
error bars represent
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1 channels. At low photon energies the burst
{starts with apparent delays of several
1 seconds

] channels.

between successive detector
After some tens of seconds the
delays shorten and at high photon energies
the emission starts nearly simultanecusly
in all channels. This rapid rise of the
count rate, which is the first feature of
the burst detected at high energies, is
also 4aiscerned at lower energies, but there

jits etart is masked by the preceding
] emission.

The delays between successive
channels, which are particularly important
at low energies, are seen to be at least
partly an artefact due to the energy-

1 dependent detector threshold.

Pigs. 2.a, b compare the results

] obtained with HXRBS and with ISEE 3 for the
{1980 June 7 event and the one of fig.
j 1.Despite of differences introduced by

the detector characteristics, the global
pictures converge: Low-energy emission is

detected first, with an apparent delay between adjacent channels. Some tens of
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seconds after the first signature at low energies a rapid rise occurs as a
distinctive feature in all channels, and during which the detection threshold is
exceeded in the high energy channels nearly simultaneously. In accordance with
the terminology of Benz et al. (1983), we refer to these two phases as pre-flash
and flash phase, respectively. The onget times of the flash phase observed with
HXRBS and ISEE 3 are seen to coincide within some seconds. Both events exhibit
strong excess emission in the 4-8 MeV photon energy range. This emission
(Forrest and Chupp, 1983; Chupp, pers. comm. ) starts, as indicated by the arrows
in figs. 2.a, b, close to the onset of the flash phase of hard x-rays.

As at low energies the start of the flash phase is masked by the pre-flash
emission, it cannot be analyzed by the method of section 2. We attempted to get
an indication of the starting time by extrapolating the observed rise back to
zero through a straight line. This was possible for four events of our sample.
The starting time of the flash phase found this way in the low energy channels
agreeqd with that in the high energy channels ocbtained with the method of section
2 within an uncertainty of #3 8, which cannot be considered as a significant
difference in the frame of the method used here.

The two phases have been found
in nine of the ten events studied. The
i "::“"Aas]" i upper energy limit where pre-flash
et —+—- emission could be detected ranges

| between some tens of keV to 200 keV.

The AQuration is some seconds to 80 8.
_-|— No flash phase signature has been
1 + observed in the "gradual®” flare of
1981 April 26 at 11:40 UT (Bai and
_|" Dennis, 1985). Fig. 3 shows the
+ temporal evolution of its threshold
+ energy. The emission exhibits a slow
[ rise in all detector channels up to
_t_ ) . o 250 keV, In the two highest channels
143 1044 14§ 114 UT there seems to be some fine structure
Pig. 3 disturbing the slow rise, but the
count rate statistics is too poor to
vield clear evidence for flash-phase
like features.

g
—

Threshoid energy [keV]

8
T

4, Discussion

We have shown that nine out of our sample of ten hard x-ray bursts with
peak count rates above 7000 s~1 exhibit two components of the impulsive phase:
~a pre—-flash phase restricted to lower energies up to 200 keV and lasting
some seconds to 80 8,
~-a flash phase dAuring which the emission in all detector channels rises
simultaneously within an uncertainty of some seconds.
In their study of 45 events with HXRBS count rates above 1000 s—1 Benz et al.
(1983 ) found evidence for these two phases in seven cases from visual inspection
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of the count rate time histories integrated from 26 keV to 461 keV. Two of these
events (on 1980 March 29, cf. fig. 1 of Benz et al.) belong to the sample
discussed in this contribution and confirm the identification of pre-flash and
flash phase with the features found in our analysis. The presence of these two
phases seems to be a much more frequent phenomenon in the great hard x-ray bursts
discussed here than in the smaller events of Benz et al. (1983), probably
because the pre-flash emission is too weak to be detected in events with low peak
count rate.

In the two events where we dispose of precise onset times measured with
the gamma-ray spectrometer, the rise of emission in the 4 to 8 MeV band occurs
close to the onset of the flash phase of energetic electrons. Forrest and Chupp
(19683 ), comparing starting times of the 40 keV to 8 MeV emission in the 1980 June
7 and June 21 events, concluded on their simultaneous rise in all channels of the
gama-ray spectrometer. This is, however, only valid for the flash phase, in
agreement with our results. The pre-flash emission was not detected in their
study. For the 1982 June 3 flare detailed observations of low—energy photons are
also available. Centimetric radio observations at Bern University show a
spectrum peaking at low frequencies during the pre-flash phase. With the rise of
the flash phase the spectral maximum starts a rapid Arift to high frequencies.
In the metre waveband the pre—-flash hard x-rays are accompanied by fast-drift
bursts. Near the onset of the flash phase the starting frequency increases
rapidly - in accordance with the observations reported by Benz et al. (1983) -
and a continuum emission extending over all the band 150 MHz to 470 MHz covereq
by the Nangay radio spectrograph is established some seconds after the start of
the flash phase in hard x-rays. Raoult et al. (1985) have shown that this is a
typical evolution of radio emission associated with impulsive hard x-ray
bursts.

These independent observations suggest that the pre—flash and flash phase
as defined by the method of section 2 are physically significant phenomena
occurring during the early stage of a flare, despite the problems iatroduced by
the detector proporties into an analysis based on low count rates. These
problems affect the question of time delays between different photon energies.
The reality and physical meaning of these - evolution of a single mechanism of
acceleration/injection or action of different processes - can only be
investigated through a thorough simulation of the detector response to model
spectra.
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STATISTICAL ANALYSIS OF FAST HARD X-RAY BURSTS BY SMM
OBSERVATIONS AND MICROWAVE BURSTS BY GROUND-BASED OBSERVATIONS

Li Chun-sheng and Jiang Shu-ying

Astronomy Department
Nanjing University
Nanjing, China

1. Data and Method of Analysis

In order to understand the relationship between fast hard X-ray
bursts (HXRB) and microwave bursts (NWB), we have used the data published
in the following publications.

1. 'NASA Technical Memorandum 84998.
The Hard X~Ray Burst Spectrometer Event Listing 1980, 1981 and 1982.

2. Solar Geophysical Data (1980-1983). Academia Sinica

3. Monthly report of Solar Radio Emission. Toyokawa Observatory, Nagoya
University (1980-1983).

4. NASA and NSF: Solar Geophysical Data (1980-1983).

We get the data of fast HXRB detected with time resolutions of 10 ms,
5 ms, and ! ms and corresponding data of MWB observed (with a time constant
of 1 8) at frequencies of 17GHz, 9.4 GHz, 2.75 GHz, and 2.8 GHz during
the same flare~burst event.

For analyzing individual events, the criterion of the same event for
HXRB and MWB is determined by the peak time difference.

T = |Tmw - Thx| < 20 seconds

The regression relation between the physical parameters of MWB and HXRB
may be written as:

Y =A+ BX
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where X indicates the logarithm of the following parameters: peak flux
density Sp, total flux density St, and duration T'mw of MWB. Y indicates
the logarithm of the corresponding parameters: peak rate Cp, total counts
Ct, and duration T'hx of HXRB.

B is the regression coefficient

A 18 the regression constant

Sp is_1in s.f.u.

St = S.T'mw, S = the mean flux density
T'mw in seconds

Cp in counts per second

Ct in counts

Thx in seconds

2. Results and Conclusions

With the method of data analysis mentioned above, we obtain the
results presented in Table 1 and Figures 1 to 4.

In Table 1, the parameters have the following meanings:

R 1is the correlation coefficient between X and Y for the energy
range of channels 1 to 15 (i.e. 25-500 keV)

Rl 1is the correlation coefficient for the energy range of channels
1 to5 ({.e. 25-140 keV)

R2 1is the correlation coefficient for the energy range of channels
6 to 15 (1i.e. 145-500 keV).

The statistical analysis run so far and the comparisons of correl-
ation parameters with one another allow us to draw the following con-
clusions:

l. There is a good linear correlation between the physical parameters of
MWB and fast HXRB.

2, Comparison of R, Rl and R2 at different frequencies for MWB show the
best correlation coefficients occur at 9.4 GHz.

3. R2 is larger than Rl at any frequency. This means that the correlation
between X and Y 1is closer in the higher energy range of 145-550 keV
than that in the energy range of 25-140 keV at the same frequency.

4, Correlation coefficients between T'mw and T'hx are not as good as the
others, but they increase as the frequency decreases.
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Figure 1: Time profiles of radio bursts at 2.84 GHz and hard X-ray
bursts during the large solar flare of May 16, 1981.
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Figure 2: Correlation diagram between peak flux Sp at 9.4 GHz and hard

X-ray intensity Cp (in counts/s) in the energy range of
25-500 keV.
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Figure 3: Correlation diagram between peak flux Sp at 3.75 GHz and hard
X-ray intensity Cp (in counts/s) in the energy of 25-500 keV.
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MICROWAVE AND HARD X-RAY EMISSIONS
DURING THE IMPULSIVE PHASE OF SOLAR FLARES:
NONTHERMAL ELECTRON SPECTRUM AND TIME DELAY

Gu Ye-ming®* and Li Chun-sheng

Department of Astronomy
Nanjing University
Nanjing, Peoples Republic of China

*Present address:
Institute of Electron Physics
Shanghai University of Science and Technology
Shanghai, Peoples Republic of China

Abstract

On the basis of the summing-up and analysis of the observations
and theories about the impulsive microwave and hard X-ray bursts, we
have investigated the correlations between these two kinds of emissions.
It is shown that it is only possible to explain the optically-thin
microwave spectrum and its relations with the hard X-ray spectrum by
means of the nonthermal source model. A simple nonthermal trap model in
the mildly-relativistic case can consistently explain the main character-
istics of the spectrum and the relative time delays.

I. Introduction

In recent years, along with the continuous development of space
observations, the investigation of solar high~energy phenomena plays
a more and more important role in flare physics. The so—called high-
energy phenomena include the high-energy particles produced by the
flare energy release, and the electromagnetic emissions from these
particles. It is believed that a significant part of the flare energy
is released in the form of high-energy particles during the impulsive
phase. But the properties of these particles are not clearly known. For
example, what 1is their velocity distribution (thermal and nonthermal)?
Are they produced by heating or by acceleration, etc.?

Since we can't detect these particles in the flaring region on the
surface of the Sun, we can only observe their emission on the ground or
in interplanetary space, or the escaped particles from the Sun. The
former is the basic way to understand these particles.
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The emissions most closely related to these high-energy particles
are microwave, ultraviolet, hard X-ray, and y-ray emissions. One of
the fundamental problems for our theorists 1is to relate the observa-
tional quantities of these emissions with the high-energy particles.
All these emissions are detected during the impulsive phase, so they
are of impulsive characteristic, i.e. they have fast oscillating time
profiles.

By analyzing the temporal, spatial, and spectral character of the
microwave and hard X-ray bursts, we can get some important information
about the high—-energy particles and the flare energy-release region.
In this paper, we have investigated the spectral correlations between
these two kinds of emissions and the time delays and reached some
important conclusions.

For convenience, in the following discussion we use "MW" and "HX"
to represent "Microwave” and "Hard X~-Ray"”, respectively. The units of
all the quantities used in the paper are listed in Table 1.

Table 1. Quantities used in this paper

Symbols Meaning Units
L, S, V linear dimension, projected area and 109cm, 1018cm2
volume of emission source respectively 1027cm3
Fx photon flux of HX photons em?2 g71 kev~l
Fy flux density of MW source S.F.U.

Ty Teff brightness and effective temperature 109 K

of MW source
2

B magnetic field in the source 10° Gauss
No electron density of medium lolocm-'3

N nonthermal electron density 10%cm™3

§ =N.N,.V emission measure l()%c.:m”3

E, € electron and photon energy keV

3 MW frequency 109 Hz(GHz)
A index of power—léw spectrum 107




II1. Impulsive Microwave and Hard X-ray Bursts

To show the purpose of this work and to provide a foundation of
our discussion, we give a brief review of both observational and
theoretical investigations of MW and HX bursts.

1. Morphology and Time-correlation

Both MW and HX bursts have an impulsive character and have similar
structures. Their morphologies are varied. The simplest one is a single-
spike events A multi-impulsive burst may have a very complex time
profile. But 1in general we can resolve a multi-impulsive burst into
many single-spike bursts, and all these resolved single-spike bursts
are of similar character, with durations between a fa2w seconds and tens
of seconds. So it is convenient for us to investigate the short dura-
tion single-spike bursts and to extend the results to multiimpulsive
bursts (including those with quasi-period structures). We do not con-~
sider the so-called "fine-structures” (of subsecond time scale) in this
paper.

The time-correlation between MW and HX emissions was recognized as
early as the HX bursts from the solar flares were first detected. Space
observations have shown that MW and HX bursts are not only similar in
time structures, but also reach maximum at approximately the same time
and have similar time profiles (we will discuss the time-delays in
Section IV). These similarities have been taken as evidence for a
common source of MW and HX emissions.

Actually such close correlations show that, even if MW and HX
emissions do not come from the same population of electrons in a common
source, they should be emitted by the high-energy electrons from the
same acceleration process.

2. Spectrum

The observed MW spectrum 1is composed of data at a few fixed fre-
quencies. The statigtical analysis for a large amount of events shows
that most of MW bursts have a "C-Type" spectrum. A typical "C-Type"
spectrum rises at frequencies of > | GHz, and reaches a maximum in the
range of ~ 5-15 GHz, then decays toward higher frequencies. The rise
and decay before and after the maximum can be approximately described
with power-law spectra (Guidice and Castelli, 1975).

There are three spectral forms used to describe HX specta: single
power-law, double power-law and exponential. But the spectrum repre-
sented by them may have differences in essence: the power-law spectrum
is of "nonthermal” character, and the exponential one is of "thermal”
character. Because of low resolution it 1s difficult to distinguish
between the thermal and nonthermal properties for most of the observed
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spectra, but generally a single-power-law fit can describe the main
characters of the observed spectra. We will use this form in the
following discussions.

3. Thermal and Nonthermal Models for MW and HX Emissions

There have been controversies in deciding the thermal or non-
thermal origin of the energetic electrons.

In a thermal model, all the electrons in the energy-release region
are bulk-heated to temperatures in excess of 10° K. They are trapped
in a magnetic loop or an arcade of loops and limited by the ilon-acoustic
turbulent fronts. The thermal bremsstrahlung and gyrosynchrotron emis-
sions from these hot electrons produce the HX and MW bursts, respect-
ively. In a nonthermal model, a relatively small fraction of the elec-
trons in the energy-release region are accelerated to energies of E >
10-100 keV. They are distributed in an approximate power-law spectrum.
There are three limiting cases for HX emission: thin-target, thick-
target, and magnetic trap model. Because of the low energy efficiency
of the thin-target model, we do not consider it 1in this paper.

4. Possible Discrimination Between Thermal and Nonthermal Models

It i8 feasible in principle that, there could be a simple criterion
to decide which model is more suitable. But we meet difficulties in
reality.

Spectra studies of both HX and MW and their modeling have been
undertaken to decide the thermal or nonthermal origin of the energetic
electrons. But it has been pointed out that, when the inhomogenities
of the source are introduced, regardless of the spectral forms, the
spectra, on their own, are not capable of distinguishing the thermal
model from the nonthermal model (Brown, 1974 and Emslie, 1983). Because
of the uncertainties in both observations and theories, we can not
reach definite conclusions from other observational diagnostics of HX
emissions, such as the directivity, prolarization and the spatial
location of the emission source.

Thus, it can be seen that the only possible way to seek the cri-
teria for distinguishing between the models 1s to investigate the
optically-thin MW spectrum and its morphology (since the optically-thin
part is not so seriously affected by the inhomogenities as the optically-
thick part) and their relations with the spectrum and morphology of HX
emissions.
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Figure 1. Three typical MW spectra from SGD data.

III. Nonthermal Models of the Emission Source
® Trap Model and Electron-stream Thick-target Model

According to the discussions in the last section, we now try to
find criteria to distinguish the two models.

l. Collection of Observational Data

We list the observational data for 15 impulsive events in Table 2.
Spectral data for both MW and HX bursts are given for the peak time.




For multi-impulsive (or the so-called “extended bursts”) we consider
the main impulsive spike. The maximum time 1is given for the HX burst.
Two kinds of delays are given: Atyy_yqy 18 the delay between HX and
MW, a positive value for HX preceding MW; Atyy is the frequency depen-
dent delay of MW and a positive value is for the precedence of higher
frequencies. Most of the MW data are from Solar Geophysical Data (SGD).
F, 1s the maximum observed flux and f, is the frequency at which the
maximum is reached; m and § are the power-law indices before an? after
the maximum (reverse frequency), respectively. All the HX spectral data
are selected from the literature. Y is the single power-law index and A
is the coefficient of the HX spectrum.

2. Two Nonthermal Models: Model I and Model I

It would be of great significance to explain the main character~

istics of MW and HX bursts with a simple model and to make reasonable
estimates of the source parameters from the observed data. Crannell
et al. (1978) used a homogeneous thermal model to explain 22 simple
spike bursts. In this section we will use two kinds of homogeneous
nonthermal models instead.

Suppose that, in the energy-release region near the top of the
magnetic loop in corona, a fraction of electrons is accelerated to a
distribution which can be approximated by

N(E) = KE™® (cm~3kev™l) (1)
where K= (a—l)Eg_lN (2)

N is the total number density of the nonthermal electrons with energies
E>Eg, and E, 18 the low cut-off energy of the power-law spectrum. The
accelerated electrons may be trapped in magnetic loops or precipitate
along the magnetic lines to the denser solar atmosphere. The energy-
spectrum of the freely precipitating electron stream is given by:

27 qp—atl/2

F(E) = N(E) ¥ (2/m,) /25 = 1.88%10% skE™®1/2(electrons/ca%s)  (3)

where we have assumed that the magnetic loop has a uniform cross—section
with area S. The observed HX spectrum is described as:

F (¢) = 107ae”Y (4)

According to Brown (1974, 1976), the relations between electron spectra
and HX photon spectra can be given by:

NCE)N,V = 3.61#10  v(y-1)2B(y-1/2,3/2)aE"V*1/2 (5)
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for the two cases: trap (Model I) and precipitation (Model I1), respec-
tively. B(p,q) is the Beta function. Comparing (1), (5) with (3), (6)
we get the relationships between source parameters and observational
quantities:

Model I: A = 2.77*10"35Kl or £ = 3.61*102A/xl (7

2SNK, or SN = 1.43*1073A/K, (8)

Model II: A = 7.01*10
where K, = K/(Y(v-1)? B(-1/2,3/2)); K, = K /¥ (9
The corresponding relationships between the spectral indices are

aj =y - 1/2; a2 = y + 3/2 (10)

To calculate the gyrosynchrotron emission from HX emitting elec-~
trong, we use the empirical formulae derived from the numerical method

given by Dulk and Dennis (1982). It is convenient to express the peak
(spectral reverse) frequency and effective temperature as:

£ oear = 35-9%1070°21% (g1ne)¥4(nL) 152 (11)

T ee ™ 4.16%1070-26a (51n@)X5p-%x3£x3 (12)
The emission and absorption coefficients are given by

ne = 1.56%1071271:020 (5440)x6pd+ly, ¢d (13)

K = 2.67%10~3.0-0.76a (s1n@)x7px5-1N,£x8 (14)

whevre we use the indices

x1 = 0.32~0.03a; x2 = 0.68+0.03a; x3 = 0.5040.085a

x4 = 0.41"‘0003“; x5 - “0036‘0.06“; X6 = -0543"’0.65(1
x7 = =0.0940.720a; x8 = 1.30+0.98a; d =0.90a-1.22 (15)

For a source with brightness temperature Tp, the MW emision flux observed
on the Earth is given by

Fu(f) = S/l‘“RznZku/Cz.Tb (in CoefeSe Units)

where R is the distance between the Earth and the Sun. According to
the solution of radiation transfer in a homogeneous source, we have

-Tf 9 N
Tb = Teff (1-8 ); Tf = 10 LKf (16)
-T
and F,(f) = 1.08S£2T, = 1.08S£2T ;; (l-e ©) (17)

where T¢ is the optical depth of the source.
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It is obvious that the observed spectra of HX and MW emissions are
completely determined by the nonthermal electron spectrum (N, E,, o)
and the source parameters (B,L,S,V). For simplicity we take E =20 keV
and assume

S =L, v=sL=013 (18)

in the following discussion.

3. Evidence for a Nonthermal Electron Spectrum
Correlation between the Indices of the Optically-thin MW and HX Spectra

In a8 nonthermal source, the optically-thin MW spectrum 18 determined
only by the electron spectrum; it 1is independent of the inhomogenities of
the source parameters. Its spectral index is the same as that of the
em'ssion coefficiency given by (13):

§ =d=0.90y - 1.22 (19)

From (10) and (19) we can get the relations between the spectral indices
of optically-thin MW and HX emissions for the two models, respectively:

Model I: &6 = 0.90y - 1.67 or Y = 1.116 + 1.86 (20.a)
Model II: § = 0.90y + 0.13 or Y = 1.118 - 0.14 (20.b)
which are valid for both homogeneous and inhomogeneous sources.

For comparison, let's see the behavior of the optically-thin MW
spectrym in the thermal model. For a thermal source with temperatures
of >10°-10" K, both analytical derivation and numerical analysis (Matzler
1978 and Dulk et al., 1979) shows that the optically-thin thermal gyro-
synchrotron spectrum produced by the mildly-relativistic thermal electrons
is very steep, typically with a spectral index of ~ 7 or 8. But for a
typical HX spectral index of y = 4, the corresponding optically-thin MW
spectral index is § = 2,38 and § = 3.74 for Model I and Model II, respec-
tively. Observations obviously support the nonthermal models. The statis-
tical results of Das and Das Gupta (1983) show that usually the index § is
between ~0.5 and 3 and the mean value for 20 events is 1.05. 1In Table 2
the mean value of § is8 1.49 for 11 events. It can be seen from the above
discussion that no thermal model can explain such hard MW spectra.

We can conclude from (20) that, if both MW and HX emissions are
produced by the same population of electrons or by the electrons with
the same distribution in energy, there should be a definite relation
between the two kinds of emissions. Benz (1977) noticed such a relation.




But instead of (19) he used the highly relativistic approximation
§=(a=-1)/2=(y - 3/2)/2

(for the trap case) to explain the spectral correlations observed
during two outstanding flares. For electrons with energies of >100 keV,
the highly relativistic approximation is not suitable.

We plot a &~y correlation diagram in Figure 2 by using the data
in Table 3. Although the observational data points are relatively few,
we can see from Figure 2 that there is a relationship between § and Y.
The following conclusions can be made from Figure 2: (a) Usually the
nonthermal models, especially the nonthermal trap model (Model I), can
explain the relation between the two kinds of spectral index for most
of the impulsive events. (b) It is not excluded that the highly relativ-
istic electrons may make a relative contribution to the high frequency
MW spectrum. Some observations of the continuous y-ray spectrum sup-
port such a possibility. (c) MW, especially high frequency MW, emissions
mainly come from energetic electrons with energies of E » 100-300 keV.
keV.

Yy R.2
! /ma
R.1 C/// :
5.0 / /
/ 10 /@15
1156
Q)
a0 M2
3.0
254 O —L J s i I
) 1.0 / 20 / 3.0

’

Figure 2: 6-Y correlation diagram. Dotted circles is for the HX spec-
tral indices in the low energy range in double-powerlaw fit
events., The small square is for the main values of § and Yy
given in Table 2. The lines M.l and M.2 are the theoretical
correlation curves predicted by Model I and II (according to
(20)), and R.1 and R.2 are for the high-relativistic approx-
imation: § = (a~1)/2, a is given by (10).

100




Table 3

Table 3. Spectral indices of optically-thin MW and HX emissions. Ac is
the energy range for observation. The double-power-law fit
parameters are given when it is appropriate.

Event MW Spectrum HX Spectrum
No.
fu [ Y Ae(keV) Y' Ae'(keV)
6 9.4 1.22 4.6 20~-200
8 9.4 1.27 3.2 20-400
9 9.4 005 2-55 20"350
10 17 2.3 3.70 20-120 4,71 »120
11 17 1.2 (1.50) (<69) 3.10 »69
13 19 0.9 3.1 »30
14 19 1.2 3.0 »30
15 9.4 2.8 4.1 20-300 4.9 300-600

4., Application of Nonthermal Models to HX and MW Bursts

Now we use Model I and II discussed above to estimate the par
meters of flare sources. To relate the observational quantities to
source parameters, we extend the optically-thick MW spectrum to f=f,
(taking Tf = ® and £ = £y in (17)) and write

P =F (£.) = 4.49%10 0260 g4,g)% 257 %3¢ W (21)
H | TR ] u
where m =2 + x3 = 2,5 + 0.085a (22)
and f =f = 35.9%1070+210(g10)X4(NL)x1px2 (23)

u peak

For an event with observed parametes (A,Y) and (f ,F, ), we can solve the
source parameters (N,a) and (B,L) from equations (8) (10) (21) (23) in
Model II. In Model I, the emission measure 1is determined by the HX
spectral coefficient A through (7). But since another source parameter
No is added in Model I, we introduce a new paremater H = N/10No, and
the source parameters can be solved from equations (7) (10) (21) (23)
for any given value of H.

Considering the first order of approximation in our simple models,
we take O = 45° in the following calculations. The calculated results
are given in Table 4 and 5. The results show: (a) Although we used the
simplest nonthermal models, we can get good estimates of the burst
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Table 4

The observed quantities of the MW and HX spectra and the source parameters calculated in
Model 1 for two H values.

0e pectrum HX Spectruam Source Parameters Source Parameters
wvith H = 0.001 wvith § = 0.01
| fu ru Y A B L N N, B L N N, 3

1 17 335  (3.2) (0.003) 10.67 0.87 0.013 1.26 7.27 0.76 0.049 0.49 0.011
2 17 211 3.6 0.097 8.56 0.71 0.055 5.49 5.98 0.62 0.21 2.13 0.1l
3 15.4 52 (3.0) (0.002) 7.20 0.32 0.061 6.06 4.84 0.28 0.24 2.37 0.013
6 12 360 4.6 8.5 7.79 1.90 0.028 2.77 5.79 1.67 0.106 1.06 0.526
7 7.5 6000 3.2 0.07 3.10 7.20 0.0026 0.257 2.11 6.26 0.010 O0.10 0.247
8 11 3300 2.55 0.06 2.37 2.48 0.03 3,02 1.55 2.15 0.118 1.18 1.39
10 14 2500 3.70 1.3 6.10 2.88 0.021 2.13 4.29 2.52 0.083 0.83 1.08
11 17 1000 3.10 0.38 4,71 1.09 0.116 11.7 3.19 0.95 0.48 4.56 1.79
1S 12 8000 4.1 3.4 7.02 7.49 0.0046 0.46 S5.06 6.57 0.18 0.18 0.894

mean 6.42 2.77 0.0037 3.66 4.45 2.42 0.14 1.4 0.67

Table 5

The observed quantities of the MW and HX spectra and

calculated in Model II.

the source parameters

Fo. MW Spectrum | HX Spectrum Source Parameters
£y Fy Y A B L N Th

1 17 335 (3.2) (0.003) | 21.3 2.04 3.66x10~% 0.26

2 17 211 3.6  0.097 14.4 1.52 8.30x1073 0.29

3 15.4 52 3.0 (0.002)| 15.1 0.75 2.76x10™3 0.36

6 12 360 4.6 8.5 12.3  4.12 8.40x1073  0.14

8 7.5 6000 3.2 0.07 7.76  18.0 1.09x10~% 0.31

9 11 3300 2.55 0.06 5.94 5.72 3.61x10~3 0,77

10 14 2500 3.70 1.3 10.5 6.17 5.35x10 g 0.31

11 17 1000 3.10 0.38 8.28 2.25 4.71x10~2 0.63

15 12 8000 4.1 3.4 12.1  16.6 7.27x10~% 0.19
mean 12.0  6.35 8.52x1073  0.35
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source parameters. (b) Comparing the results in Table 4 and 5, it can be
seen that the source parameters derived in the trap model (Model I)
are more reasonable than those derived in the precipitation model
(Model 1II), since it seems not possible that the magnetic field in the
corona is stronger than 1000 G. This tends to support the trap model
and 18 consistent with the conclusion from the above analyses of spectral
correlation. But the strong magnetic fields of 800-2000 G calculated
in Model II suggest that, 1in the freely precipitating thick-target
model the position of MW source should be near the foot of the magnetic
loop or loops, where the magnetic field is much stronger than that at
the top of the loop. (c) Comparing the results for different H values in
Table 4, we find that in the magnetic region where the emitting electrons
are trapped, the ratio of nonthermal electrons to medium electrons, H,
may have very different values for different events.

IV. Time Delays of MW and HX Bursts

Observations with high time resolution have shown that there are
delays between the time structures of different kinds of emission. We
will give a simple explanation for these delays

1. Characters of Time Delays

Some data about the delays was given in Table 2. It can be seen
that, for most of the events HX precedes MW. The time difference is
from a few hundreds of milliseconds to tens of seconds. The high
frequency MW ususally precedes the low frequency MW and the low energy
HX precedes the high 'energy HX. All these may be taken as the regular
pattern of the delays. But there also exist some unusual delay patterns,
such as event No. 3 and No. 9 in Table 2.

Morphologically, the time delays can be divided into three kinds;
(a) "profile delay”, i.e. the time profiles of the two kinds of emission
show a systematic shift; (b) "peak delay”, i.e. both of the emissions
start to rise at nearly the same time but the times for them to reach
the maximum are different; (c) "start-time delay”, i.e. both of the
emissions peak at the same time but with different start times. Dif-
ferent kinds of delays may correspond to different mechanisms 1in the
emission source.

2. Explanation of the Time Delays

Both the frequency-dependent and energy-dependent delays are the
manifestations of the temporal evolution of emission spectra (Ref. e.g.,
Takakura et al. 1983). In a nonthermal model the evolution of the
emigsion spectrum corresponds to that of the electron spectrum. The
usual pattern of the spectral evolution of HX emission 1is "soft-hard-
soft” and the spectrum 1is hardest at the time of peak flux. But some
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events show continuous hardening in HX spectrum after the peak flux is
reached.

Having carefully investigated the relationship between the spec-
tral evolution and time delays, we find that: if the HX spectrum is
hardest at the peak time, there is no time delay longer than a sécond
between HX and MW; for events with long HX to MW delay (longer than a
few seconds), the HX spectrum continues to harden after the peak.

According to the above discussions, we know that MW, especially
the high frequency MW emissions (in the optically-thin part), are mainly
contributed by the electrons with energies of E>100-300 keV. The
hardening of the HX spectrum reflects the hardening of electron spec-
trum. Under certain conditions, there may be a case where the total
number of nonthermal electrons (with E>E,) is decreasing but the
number of the electrons with higher energies (e.g. with E>100 keV) is
increasing. This can cause the peak delay of MW relative to HX and
the energy-dependent delay of HX. The continuous hardening of the HX
spectrum after the maximum time of the event may correspond to the
energy-dependent life time of electrons trapped in the magnetic loop
(Enome 1982) or to second-step acceleration during the impulsive phase.

To see the actual relation between time delay and the evolution
of electron spectrum, we use Model I to make a quantitative analysis.

We choose event No. 2 for our analysis. In Table 4 we choose the
parameter values corresponding to H = 0.1% for the following calcula-
tion. Suppose that the source parameters L, N and B are constants
during the lifetime of the event and the acceleration process rises
and decays with exponentially according to the following expressions:

N(t) = Nrexp((t-ty)/tg)) for t<ty (24)
= Ntexp((tp—t)/tg2) for tOty
where typ is the maximum (peak) time of the event (when the nonthermal
electron number reaches maximum) and tg), tp2 are the characteristic
times for the rising and the decay phase respectively. To simplify the

calculation we take t, = 2ty) and assume two cases for the decay phase
as illustrated in Figure 4,

(2): tgy = tg) = 4s

(b): to2 = to1/2 = 48
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Figure 3. The time profiles of the HX flux is the energy range 28-55 keV and 9.4 and 17 GHz MW flux,
copied from the Crannell et al. (1978).

The time evolution of the HX spectral index a(t) is plotted in Figure 4.
We also assumed two cases to correpond to that of N(t). In both cases
the ainimum time of a(t) is delayed from t, by several seconds but with
no softening in case (b). By introducing the time evolution of N(t) and
a(t), we can calculate the time profiles of HX and MW emissions. The
calculated profiles are illustrated in Figure 5a and 5b corresponding to
cagse (a) and (b) in Pigure 4, respectively. The MW flux was calculated
for two frequencies of 9.4 and 17 GHz and the HX photon flux is given for
a photon energy of € = 41.5 keV, which is the logarithmic middle energy of
the second channel of the HX spectrometer on 0S0-5 (ref. Crannell et al.
1978).

Thus, it can be seen that the HX to MW delay can be explained very
well in the present model (comparing Figure 3 and Figure 5). The longer
delay of low frequency MW (e.g. 9.4 GHz) emission 1is probably caused by
the expansion of the optically-thick emission source. The energy-depen-
dent delay of HX can also be explained in this model. It is interesting
that the rare "reversed” delay (with MW preceding HX, such as event No. 3
and No. 9) could be easily explained if we reverse the time axes in
Figure 4 and Figure 5. The physical meaning of this reverse may be that
the second-step acceleration ceases before the maximum time of the event.
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0.10

Figure 4, The supposed time evolution of the nonthermal electron
spectrum in event No. 2. N(t) 1is determined by (24) and
(25). o(t) (then y(t)) is inferred from the data
given by Cranmnell et al. (1978, Figure 12).
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Figure 5a. The calculated time profiles of the HX flux at 41.5 keV and
MW flux at 9.4 and 17 GHz, corresponding to case (a) in
Figure 4, with a symmetric time profile of N(t).
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V. Conclusions and Discussions

Starting with the systematic analysis of the spectra of the impulsive
MW and HX bursts, we investigated the correlation of the spectral indices
and found a possible way to distinguish between the thermal and nonther-
mal models. Comparisons of the theoretical results with the observations
show that only the nonthermal models can explain the optically-thin MW
spectrum and its relation to the HX spectrum. The results suggest that
both the impulsive HX and MW bursts are produced by the same population
of nonthermal electrons accelerated during the impulsive phase. The
relative time delays of HX and MW can be explained consistently in a
magnetic trap model if only the hardening of the electron spectrum 1is
considered.

All the discussions above are simplified and the results are pre-
liminary. We should have more data to plot the &-y correlation diagram
and construct the model in more detail. In Figure 2 the 8-y correl-
ation is for differenc events. It would be obviously of great signifi-
cance to analyse the 8-y correlation during the lifetime of one event
(or during its impulsive phase). But it is not easy to get the simultan-
eous HX and high-frequency MW spectral data.
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HARD X-RAY IMAGING OBSERVATION OF FLUCTUATING BURSTS

K. Ohki

Tokyo Astronomical Observatory
Mitaka Tokyo, 181 Japan

M. Harada

Science University of Tokyo
Tokyo, Japan

Measurement has been done to obtain one-dimensional sizes of rapidly
fluctuating bursts with fast spikes whose rise times are typically about
one second, and in some extreme cases less than 0.1 seconds. The results of
two bursts with fast spikes are presented here. One has a soft spectrum,
and the other has a very hard spectrum. The measured one-dimensional size
of both events indicates relatively a small size and simple structure. Wwe
can say, however, the source size is not so small as expected from its
rapid time variations. Therefore, a thermal explanation of these bursts
seems to be excluded.

1. Introduction

Among various electromagnetic radiations, the hard X-ray shows most
complex temporal variations during the impulsive phase of flares as well as
radio waves. This fact may simply indicate that both type of radiations
come from most violently activated regions in the flare or the vicinity of
them where energy is created from the nearby magnetic field. Then, a
question may be naturally raised what causes the short time fluctuations.
Do they indicate many different loops flaring up successively, or the
repeated activations within the same loop?

It takes about 8 seconds to obtain two-dimensional flare images with
the hard X-ray imaging telescope aboard the Hinotori (hereafter called
SXT). However, if we restrict ourselves within one dimensional scan images,
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the temporal resolution to make a single scan image is only about 100
milliseconds depending on the position angle of the scan. So,hard X-ray
source location, size, and their time variation up to 100 millisec can be
observed by using this one dimensional scan data.

2. Data Selection

To obtain the one-dimensional size of hard X-ray events with fast
spikes, we searched for relatively intense events which contain at least
several spikes with a total duration of well less than one second.

Another criterion of event selection is that the events should have
fast spikes even in the lowest energy channel of the hard X-ray spec-
trometer, usually at 17 - 40 keV, because the SXT always observed at this
energy range. Many hard X-ray bursts observed with the Hinotori show rather
slow and broad spikes in the lowest energy channel in spite of fast and
sharp spikes in the higher energies. Even in the case where fast spikes
exist in the lowest channel, they are usually embedded in the gradual
components, and the flux due to fast spikes seems relatively small as com-
pared with those due to the gradual ones. Therefore we intentionally
searched for those events in which the fast spike components constitute the
major part of the total flux in the lowest energy channel.

Two typical events with such characteristics as above are found in the
events of March, 1981. Mar 21 and Mar 24 event seem to be very similar in
their appearance of the time history of the lowest channel. But the spec-
tral characteristics of the two events are very different each other. Mar
21 event has a very hard spectrum, while Mar 24 has a rather soft one. In
other words, these two events would show two extreme examples among similar
events with fast spikes. Therefore, we will exclusively analyze these two
events in this paper.

3. Method of Data Analysis

As indicated in Makishima(1982), the telescope SXT has the intrinsic
roundness of the triangular beam pattern which is less than seven arcsec.
Pre-launch calibration data also show five arcsec for the roundness of the
beam pattern. Therefore, it would not be so implausible to start from a
rigorous triangular pattern to analyze the one-dimensionai data , if our
goal of this analysis is restricted to 10 arcsec for the minimum detectable
size of the hard X-ray sources.

Then, first we assume a triangular shape with FWHM of 28 arcsec as the
SXT 2 (the name of the two SXT collimators) beam pattern. Second, we assume
a gaussian profile as the structure of a single source. Then, the convolu-
tion between the triangular beam pattern and the gaussian profile of the
source will give a calculated pattern after the transmission through an
ideal collimator to be compared with the observed one-dimensional scan
data.
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Figure 1 shows the relationship
between the FWHM of +the assumed -
gaussian profile and the FWHM after
convolution calculation  described
above. We can easily obtain the one-
dimensional size by measuring the |
FWHM of the observed one-dimensional
scan curve and by comparing it to
the calculated FWHM in Figure 1, as
far as the assumption of the gaus-
sian profile is not so absurd.

40 ke

T
FWiM of Calculated Curve (arcsec)

4.1. March 24, 1981 Event

In Figure 2(a), time histories
of four energy bands are shown.
Although this event has a moderate
count rate at the 1lowest energy
channel, the count rate at the third |l
channel is very small and the high- TV of Causaien (srceec)
est channel shows almost no increase ™% 1ﬁu zis 1;u nh
above the back-ground level, indi-
cating a fairly soft spectrum of

Fig.l. The relationship between the FWHM of the

this eYent' . . assumed gaussian profile and the FWHM of the
Figure 3 shows a detail time calculated scan curve.

history with 0.125 sec temporal res-

olution and three examples of FWHM

fitting of one-dimensional scan data.

For comparison, the first scan data are accompanied by a standard scan
profile taken from October 12, 1981 event which has an excellent single
point source with the smallest size we have ever observed, with two-dimen-
sional images for this event being obtained because this event has a smooth
and gradual time variation. Generally, the March 24 event consists of a
relatively small single source throughout the event. Exceptionally, a halo
component is seen in the early phase of the event as can be seen in Figure
3(al), though the brightness of this halo is less than 10 % of the main
source. The measured FWHM sizes of the main source at various times are
summarized in Table 1.

4.2. March 21,1981 Event

This event has the main source with larger size than March 24 event as
shown in Figure 4. Especially, in the first half of the event, it contains
intense halo components or some secondary weaker sources. Any way, it has a
complex spatial structure. It should be noted here that a clear secondary
source can be seen in a early phase of this first half period as shown in
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Fig.2. Time histories of March 24 and March 21, 1981 events. One
division of the horizontal time axis corresponds to one minute. Four
energy bands are illustrated.
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High resolution time history and three examples of the observed

~one-dimensional scan curves of March 24,1981 event. Resultant gaussian
FWHM derived from the measurement of the observed FWHM after fitting to
the curve in Figure 1 is illustrated in each scan data. The observation
times and other data for each scan is summarized in Table 1.
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Fig.4. This is similar to Figure 3 but for the March 21, 1981 event. Above
the scan data Bl, a standard scan data from October 12, 1981 event is il-
lustrated in upside-down position just for comparison. Note that all the
observed FWHM of this event are larger than that of this standard scan

data.
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( continued )
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Fig.4 (continued) This again is similar to Figure 3. The bottom scan curve
Cl is illustrated to show a zmall secondary source which is indicated by
the thick arrow in the Figure. This scan data is specially given in two
phases of scan in order to siiow the secondary source clearly.
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Figure 4(C1l). The spatial separation between this secondary source and the
main source is as large as about one arcmin. Even in the second half, this
event has a fairly large sized main source. The variation of the source
sizes and the observed times are again summarized in Table 1.

Table 1. Summary of Observation

Date of Event | Scan| Obs.Time | Obs.FWHM | FWHM(arcsec)
No. (arcsec) | (gaussian)

Al 17:37:13 35.9 20.9

MAR 24,1981 A2 17:37:25 34.7 18.3
A3 17:37:39 37.8 24.2

Bl 16:12:24 42.1 31.0

B2 16:12:26 49.5 40.9

B3 16:13:04 35.9 20.9

MAR 21,1981 B4 16:13:12 40.2 28.2
;: BS 16:13:13 38.4 25.4

B6 16:13:15 40.9 29.1

C1 16:12:19 e —_—

5. Discussion

Many hard X-ray images of impulsive bursts has been already published.
Among them, some images of spiky events were included, which showed rela-
tively small and simple structures. For examples, two impulsive events on
September 7, 1981 showed a small single source (Takakura et al. 1983).
August 10, 1981 event also had a small source (Ohki et al. 1983).

However, we have had not hard X-ray images of rapidly fluctuating
events composed of very fast spikes with total durations less than one sec-
ond, since we can not reconstruct two-dimensional images for such events.
About 8 seconds steady data are basically needed to obtain a two-
dimensional image. Therefore, in this paper, we sought to have only one-di-
mensional informations of some fast spike events.

The observational results show relatively small single sources, in the
case of March 24 event. One-dimensional sizes of March 21 event, however,
show rather moderately sized, somewhat complex sources. The sizes are
always larger than 20 arcsec, that is, more than 15000 km on the solar sur-
face. If this size indicates the length of the flaring loop, 20 keV elec-
trons take approximately 0.2 second to run through the entire 1loop. Since
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the energy generating region within the loop is localized in various flare
models, a sharp spike with a rising time less than 0.1 second can not have
a source size larger than 7500 km, that is, 10 arcsec.

If we take a thermally heated model for the fast spike burst, since
the speed of heat conduction front is far less than the speed of 20 keV
electrons, more difficulties would arise to be reconciled with the observed
rapid time variations which should be originated from the 20 arcsec loop.
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HARD X-RAY DELAYS

Richard A. Schwarts

Jet Propulsion Laboratory
National Acronsutics and Space Administration

Righ time resolution (8, 32, and 128 msec) hard X-ray rates with good
counting statistics (up to >25,000 counts/sec) over 5 energy intervals (22-33,
33-60, 60-120, 120-235, and >235 keV) were obtained using a large area
(300 cnz) bailoon-bom scintillation detector during the 27 June 1980 solar
flare. The impulsive phase of the flare in comprised of a series of major
bursts of several to several tens of seconds long. Superimposed on these

longer bursts are numerous smaller ~ ,.5-1 second spikes.

The tise profiles for different energies were cross-correlated for the
msajor bursts. Below 120 keV, the bursts reached simultaneous peaks. Six of

the bursts show ~ ,.5-2 second delays in the peaks above 120 keV. These six

peaks cover over two minutes at the maximum of the impulsive phase.

The rapid burst decay rates and the simultaneous peaks below 120 keV both
indicate a rapid electron energy loss process. Thus, the flux profiles
reflect the electron acceleration/injection process. The delays could result
from a second-step acceleration wherein the initial fast electron burst acts
as a trigger or as a seed population.

The fast rate data (22-33, 33-60, and 60-120 keV) was obtained by a
burst memory in 8 and 32 msec resolution over the entire main impulsive
phase. We will cross-correlate these rates to look for short time delays and
to find rapid fluctuations (<100 msec). However, a cursory exaaination shows
that almost all fluctuations, down to the 5X level, are resolved with

256 msec bins.
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FAST FLUCTUATIONS OF SOFT X-RAYS FROM ACTIVE REGIONS

G. F. Simnett

Department of Space Research
University of Birmingham
Birmingham, England

B. R. Dennis

Code 682
Goddard Space Flight Center
Greenbelt, MD 20771

A selection of short lived (£102s) small soft X-ray bursts is studied
using data from HXIS.and the results are compared with data from HXRBS with
a view to understanding conditions at the onset of flares. 8hort-lived events
provide an opportunity to study the radiation from the primary energy transfer
process without confusion from the slowly-varying thermal X-ray emission which
characterizes the decay of a large flare. The fast decay of the soft
X-rays. only a few tens of seconds. suggests that they occur in the dense
chromosphere. rather than in the corona. but this is of course a selection

oftect. The resuilts indicate that the short events may be signatures of
several different phenomena. depending on their characteristics. Some
events occur in association with reverse-drift type Illl bursts and simuitaneous

flaring elsewhere on the Sun. thus suggesting dumping of particles accelerated
at a remote site. Some events have hard X-ray bursts and normal type il
bursts associated with them. while others have neither. The latter events
place strong constraints on the non-thermal electron population present.

Intreduction

There have recently been a number of analyses of solar Ilare phenomena
which are characterized by a short. hard X-ray spike lasting 2102s. (Cranneli
ot al. 1978, Wiehi and Desai. 1983. Batchelor et al. 1984). Part of the motivation
for such studies is to understand (a) where in the solar atmosphere the X-rays
are produced. (b) the X-ray production mechanism -thermal or non-thermal
bremsstrahlung.and (c) the origin of the charged particies which carry the
energy to power the flare. It has long been assumed that these particles are
electrons. However. Simnett (1985) has argued that an energetically-dominant
non-thermal ion population might be better abie to explain a wider variety of
flare phenomena than an energetically-dominant electron popuiation.

With the advent of comprehensive data from recent spacecraft we believe
progress can be made in understanding the above topics. Simple events shouid
be easier to interpret than large. complex events, despite the relativity weak
signais from some of the former. The large events are aimost certainly a
combination of two effects. the impulsive deposition of energy to give
the short hard X-ray burst followed by ablation of heated chromospheric plasma
into the corona. X-ray emission from this material in a typical large flare confuses
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any attempt to isolate the radiation from the primary energy transfer process.
in this paper we study a selection of short-lived soft X~-ray events seen in 1980
by the Hard X-ray Imaging Spectrometer (HXIS) (van Beek et al (1980)) on the
Solar Maximum Mission (SMM). We discuss them in the context of the 27
keV X-ray burst seen by the Hard X-ray Burst Spectrometer (HXRBS8) (Orwig et
al. 1980) .also on SMM. and take into account simuitaneous ground-based H,
and radio observations.

The X-ray emission is either thermal or non-thermal bremsstrahlung. or a
combination of both. Non-thermal bremsstrahlung wouid naturally come from
non-thermal electrons and rapid fluctuations of hard X-rays ()28 keV) are
readily explained by modulation of the electron source. The spectrum radiated
by such electrons will extend to the soft X-ray region (=3.5 keV). However.
the majority of the soft X-rays have generally been assumed to reflect a thermal
origin in plasma heated by the primary energy carriers, be they electrons or
ions. It the radiation is thermal. then the very rapid decays (<(<1s above 28
keV) are more difficult to understand. although the soft X-ray variations such as
those reported here may be reasonable If the radiating region is in the
chromosphere. The main problem with a rapidly declining thermal source is the
cooling mechanism and for this reason it is unlikely that the X-ray source can
be in the corona. where cooling times are longer than the time scales
discussed here. Analysis of the events presented in this paper shouid have a
direct bearing on these points.

Ihe Observationa
We have eariler presented observations of rapid soft X-ray flares (Simnett
and Dennis, 1985). Figure 1 shows an examplie of the most rapid soft X-ray spike

HXIS observed. on 1980. July 10 at 01: 50 UT.which lasted <(30s. The lower panel
of Figure 1 shows an expansion of 40s of data from HXRBS where the accumulation
periods for the two HXIS data points above background are shown in black. It is
probabie that the soft X-ray onset was no earlier than 01:50: 18UT and that the
intensity returned to background by 01:50:37 UT. From comparison of other fast
events, the soft X-ray maximum may be reached just before the hard X-ray
maximum. Under these assumptions the soft X-ray amplitude would be 50%-100%
higher than plotted and the total width would be =19s. The event was compact.
Iimaged below the 8" x 8" resolution of HXIS, but on the limb. It was accompanied
by a type Il radio burst.

Figure 2 shows an example of an event with no hard X-ray. microwave.
decimetric or metric emission. The clean fast decay event occurred at 07:07: 46
UT on 1980, July 7 and the Intensity-time history of 3.5-8.0 keV X-rays from
four 8° x 8" HXI8 pixels is shown in the upper right panel. The 3.5-5.5keV
X-ray image of this event is shown in the lower panel. The left panels in Figure
2 show a similar. but more complex event. which occurred a ftew minutes earlier
from a point approximately 14°E and 2°N of the former event. The active region
being studied was then at N28 W48, but there was no reported H, emission.
(Uniess otherwise acknowiedged. ground based observations are from “Solar
Geophysical Data". U.8. Dept.of Commearce. Boulder.CO.). At this position
on the Sun. the observed separation of the two events corresponds to0 =1.5 x
104km. Ten minutes later at 07:18 UT another small event occurred
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T where the emission was in a band

[3.5-80 | HXIS joining the bright points shown in Figure
keV W 2. One interpretation is that there is a
st 1 magnetic loop linking these points and

that the events in Figure 2 occur at
opposite ends. There may even be smali
2} ] unresolved loops at these points which
contain the bulk of the X-ray emitting
plasma: the overlying loop would then
be energized by the event at 07:18 UT.
We stress then none of these events
produced any detected hard X-ray or
radio emission.

Some fast spikes occur when there Iis
activity from a remote region. Figure 3
shows the Intensity-time history of 16-30
keV (upper panel) and 3.5-5.5 keV
(lower panel) X-rays from HXI8 for the
period 10:09 UT-10:20 UT on 1980, July
7. The feature of interest is the soft
X-ray spike superimposed on the decay
of the first event. which also had a hard
X-ray burst reaching 280 c¢/s and
extending to over 100 keV (shown

INTENSITY - COUNTS/S

un [ ] hatched) . The emission from HXRBS
ey N e corresponding to the eariier. 10:14 UT
05000 0t5020 015040 event is not shown. if we assume the

UT JULY10 1980 soft X-ray emission associated with the
spike to be that above the heavy solid

Fig.1 The short soft X-ray line drawn on the decay of the 3.5-5.5
spike on 1980 July 10. The keV X-rays. then the duration of the
hard X-ray intensity is shown spike is 85s. Although there was
expanded in the lower panel. microwave emission reported throughout

the period covered by Figure 3. the
maximum intensity at 9.1 GHz was at 10:17:48 UT. coincident with the spike.
The spectrum of the burst is hard. as it is remarkable that such a weak event
in soft X-rays would be detectable by HXIS above background in the 16-30 keV
energy band. There was a 'N H, flare reported from Hale region 16955. then
at N29 W50, from 10:05 UT t010.23UT, with a maximum at 10:15 UT. This
was the region studied by HXIS. However.there was another 1N H, flare from
10: 10 UT to 10:33 UT. with a maximum at 10:18 UT. from a reglon at N21
E44, There was also a reverse drift metric type il burst (A.O, Benz, private
communication) at 10.17 UT which did not extend In frequency above 400 MHz.
This would correspond to an electron density of 2 x 10%cm™2 if the emission is
at the plasma frequency. In the quiet Sun such densities are typically found at
the top of the chromosphere or the base of the corona. (Vernazza et al,L 19881)
although during activity the altitude may be somewhat higher. The short spike
was imaged a few arc-seconds to the southwest of the brightest point of the

earlier. decaying flare. The data are consistent with an electron beam
escaping from the easterly region and Impacting the (presumably) density
enhanced corona above region 169855. A simiiar event on 1980.June 24, was
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Fig.2 The fast events with no Fig.3 The X-ray spike superimposed
hard X-ray emission from weli— on the decay of an eariier event

separated points.

reported by Simnett et al (1984) aithough in this instance both active regions
were visible to HXIS.

We have assumed the spike Is superimposed on an undisturbed,
decaying background from the earlier flare. {f this is correct.then the site of
the spike and the site of the decaying flare must be physically separate. and
not in good thermal contact. This either points to a vertical separation in
the solar atmosphere, or to the existence of structures well below the 8" x 8°
resolution of HXIS. It the spike I8 non-thermal bremsstrahlung from
precipitating electrons which do not penetrate the 400 MHz plasma level (or
the 200 MHz plasma level If the emission is at the second harmonic) then
the former explanation wouid be consistent with the data.

Figure 4a.b, shows the 3.5-8.0 keV X-ray intensity-time history for two
isolated events. The FW 1/10M are 106s and 152s respectively, but they
both have weak. iong decays. Both are associated with hard X-ray bursts
extending above 100 keV seen by HXRBS. That on 1980 September 26
started at 10:37:40 UT. reached a peak Intensity of 349 c/s at 10:37:50 UT,
and lasted 50s. That on 1880.July 10 reached a peak intensity of 535 c/s
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Fig.4 (a) The fast event on 1980 September 26 (b) The fast event

of 1980 July 10

at 03:56: 55UT, slightly after the peak in soft X-rays.

The September 28 event was accompanied by a microwave burst which
started at 10:37:30 UT and reached a maximum of 34 x 10‘Jy. at 19.¢6
GHz., at 10:37:48 UT. At this time HXIS was studying Hale region 17145,
then at N17 W56. There was no optical flare reported from this region. but
there was a -F H, flare from region 17167. then at S19 E44. which reached
maximum brightness at 10:37 UT. There was metric radio emission between
10:87:42 uT and 10:38:18 UT. including a reverse drift burst. The latter is
indicative of downward moving electrons. |If we apply the same reasoning to
this event as we did to the event shown in Figure 3. then we might be
witnessing X-ray emission from particles accelerated at one site and
transferred to a remote site via the large scale coronal magnetic field. There
was no evidence of any X-rays >16 keV from HXIS in this event. Considering
the relative strengths of the events at 3.5-8.0 keV. and >28 keV for the
event and that shown in Figure 8, this iIs surprising if all X-rays are coming
from the area imaged by HXIS. It would be more reasonable if some of the
hard X-ray burst seen by HXRBS was from a different region.

Figure 4b shows a much stronger event on 1980.July 10. There was a
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significant hard X-ray burst seen by HXIS. above 16 keV. capable of producing
a weak Image. yet the peak intensity seen by HXRBS was only 535 c/s.
Therefore. a comparison with the September 28 event shows either that the
X~ray spectra between the two events were very different or that the above

conclusion that some. or most, of the hard X-rays from the September 26 event

were from the east hemisphere flare Is correct. There is an additional
unusual feature about this event in that the soft X-ray Iintensity is already
declining before the hard X-ray burst reaches maximum. The latter is very

structured. with three prominant peaks. the last being the most intense. This
event might be more consistent with other events, from spectral and temporal
considerations. if the last and longast hard X-ray spike were from a region not
imaged by HXIS. There was decimetric. metric and dekametric activity from
03:56-03: 57 UT but no reported H, flare.

The final event on 1980.July 11 at 05:31:30 UT is shown in Figure §.
The soft X-ray enhancement coinclident with the hard X-ray burst fell virtually
to background level before rising again for the small event at 05:33 UT. The
40s duration of the hard X-ray burst. which reached an intensity of 103 c/s
and extended to bheyond 100 keV. Is indicated by the cross-hatched box in
Figure 5. The 5.2 GHz microwave burst reached 8 x IO‘JY at 05:31:30
UT. essentially coincident with the hard X-ray burst maximum at 05:31:35 UT.
There was metric and decimetric type il activity from 05:31:30 UT-05:33 UT
(A.O. Benz. private communication).

This smaill event was from N20 ES55. associated with a ~N H, flare which
started at 05:32 UT and had a maximum at 05:34 UT. The initial soft X-ray
burst appears to be quite definitely associated with the hard X-ray burst. but yet
the following stronger soft X-ray emission has no corresponding hard X-rays.
The second burst is delayed long enough that any thermai effects of energy
deposition at the time of the hard X-ray burst must have dissipated.

We note that there was a 1F H, flare In progress at this time from S11
EB3.with a maximum at 05:239: UT. in view of the associations discussed
above in relation to other events it is plausible that this event is also associated
with activity from a remote region. One might speculate that the first spike in
Figure 5 is non-thermal bremsstrahlung from electrons. while the later emission
is thermal X-rays from plasma heated by ions. it the distance travelled by the
particles is 8 x 10"1%m. consistent with the separation of the two flaring
regions., cf e observed delay of ~«80s between the first spike and the subsequent
soft X-ray emission may be accounted for by electrons of «30 keV and protons
of =400 keV.

Conclusions

The events discussed above provide a unique insight Into the
correspondence between hard and soft X-ray emission Iin solar events which are
not confused by large scale chromospheric ablation and its associated thermal
X-ray signature. We have focused on the teatures of the events which we
think provide good boundary conditions for a sound interpretation. The
interpretations we have made appear reasonable. but they are not meant to
exclude other explanations which match the boundary conditions. The soft X-ray
spikes are compact events, typically., but not always. below the 8" x 8° resolution
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HXIS. Some everit, such as that on July 7 and on 1980.June 27 at 19.50
UT (Simnett and Dennis. 1965) had no reported radio activity at any wavelength.
This would argue against non-th=rmal electrons as the dominant energy carrier
In these events. especially as the hard X-ray intensity is also below the HXRBS
threshold. The rapid decay of the soft X-ray events is uniikely to be a signature
of hot plasma in the corona. Therefore we believe these events either take
place at the top of the chromosphere. or are non-thermal electron
bremsstrahlung. The very short spikes which occur in coincidence with hard
X-rays. such as those shown in Figure 1 and 5. are most likely examples of the
latter. Finally. we beilieve the events where (a) there is a reverse drift radio
burst and (b) simuitaneous flaring from widely separated regions argues strongly
for a particle beam interpretaion. coupled with extensive magnetic coronal loops
linking the flaring regions: where in the large loop the energy release and
particle acceleration occur are open questions.
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RADIO AND MICROWAVE GROUP
SUMMARY OF DISCUSSIONS

Rapporteur: Arnold O. Benz

Institute for Astronomy, ETH
Zurich, Switzerland

Obeervers of solar flares in radio and microwaves have been confronted with rapid fluctuations
for a long time. In fact, most radio bursts show variations on the time scale of one second or less.
At long wavelengths (decimetric and longer) the radiation most often seems to consist of a sequence
of peaks rather than a modulated emission. There are two main reasons for the great abundance
of rapid fluctuations in radio and microwaves: The large collecting areas and high sensitivity
of the receivers lead to a signal to noise ratio which usually far exceeds measurements at other
wavelengths. Fluctuations, which also may exist, simply pass undetected in the noise at other
wavelengths. The second reason is physical. At wavelengths longer than about 10 cm the emission
process changes from incoherent synchrotron radiation to some coherent process. The cause of
emission is one of many possible instabilities of a non-thermal electron velocity distribution. The
limitation or saturation level of such instabilities is highly variable.

The group consisted of 2 distinct sets of people: observers at microwaves and observers at
longer waves. The first question addressed was: Are spikes seen in radio and microwaves
the same? G.D. Wells presented an example of National Geophysical Data Center archives data.
A. Benz showed first quantitative spectras of spikes at 0.3 - 1.0 GHz having bandwidths of 1.5 %
of the center frequency. K. Tapping discussed VLBI observations of a similar spike at 1.6 GHz
with a possible source dimension of about 40 km. M. Stéhli has discovered a narrowband spike at
5.1 GHz of a few tenths of millisecond duration, the highest frequency ever. A theoretical paper
on millisecond spikes was presented by C.S. Li.

S. Enome and L. Orwig have studied the ratio of spike emission at 1 GHz to the hard X-ray
flux. They find the narrowband spikes to emit much more than the broadband spikes. A very likely
interpretation may be that the latter radiation is incoherent, i.e. synchrotron emission. Broadband
spikes are generally seen at high microwave frequencies. They last typically 1 second and generally
correlate well with hard X-rays. They have been discussed by E. Correia et al. in terms of inverse
Compton losses. K. Kai and H. Nakayima find positions of such broadband spikes at microwaves
to vary from peak to peak. P. Kaufmann and A.M. Zodi discussed ms-second structures at high
frequency microwaves which are not broadband. They seem to be a modulation of a background
or a fine structure of it. This is very different from the millisecond spikes at wavelengths longer
than 10 cm, which are individual bursts with no (or differently polarized) background.

The group concluded that:

1) narrowband spikes are generally observed around 1 GHz, but up to 5.2 GHz, and are to be
considered physically different from broadband spikes at higher frequency.
2) observations of bandwidths at all frequencies are of great importance.

The second topic concerned pulsations. They are observed as quasi-periodic fluctuations
in the whole radio and microwave region. T. Kosugi has found microwave pulsations correlating
with hard X-ray fluctuations. Pulsations at very high microwave frequencies were presented by P.
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Kaufmann. The discussion, however, revealed that the position of some of such microwave pulsa-
tions were not identical. Oscillating flux tube models, however, would predict a constant source
position. A. Bens presented metric radio oscillations (0.2 GHs) which were periodic and came
from the same source. It was concluded in a general discussion that only position measurements
can distinguish between real and apparent quasi—periodic pulsations.
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EXTREMELY RAPID RADIO SPIKES IN FLARES
(Review)

A. O. Benz

Institute of Astronomy, ETH
Zurich, Switzerland

ABSTRACT

Radio spikes of a few to tens of milliseconds of the solar radio emission have recently seen
a surge of interest of theoreticians who are fascinated by their high brightness temperature of
up to 10!® K, their association with hard X-ray bursts, and a poesibly very intimate relation to
electron acceleration. Their bandwidth and global distribution in frequency have quantitatively
been measured only recently. This review is intended to emphasize the considerable extend of
old and new obeervational knowledge which is hardly touched upon by theory. The wide range of
spike observations is summarized and brought into the perspective of recent models. It is concluded
that spikes yield a considerable potential for the diagnostics of energetic particles, their origin, and
history in astrophysical plasmas.

1. Introduction

Millisecond radio spikes are a rapidly growing field of solar radio astronomy. Although their
role and diagnostic capabilities for flare theory, nor even their emission mechanism are clear,
considerable progress in our understanding has been achieved over the last few years. Spikes
today are generally agreed to be a non-thermal, coherent emission closely connected with particle
acceleration and energy release in flares.

Radio bursts with durations of less than 100 ms have first been noted by Droge and Riemann
(1961) and Elgargy (1961). They have been studied by de Groot (1962), Elgargy (1962), and later
by Eckhoff (1966) and de Groot (1968). The first major articles on the subject did not appear
until Droge (1967) and Malville, Allen and Jansen (1967) summarized their observations. This
work was extended by de Groot (1970) and Tarnstrom and Philip (1972a,b). The pioneers used
various names for the new phenomenon: knots, pips, rain, flash bursts, etc. We will use the word
*spike” introduced by de Groot, which today is well established in the community, and restrict
it to narrowband peaks of less than 100 ms total duration. Note that in hard X-ray and high
frequency microwave data the same expression sometimes is used for entirely different phenomena
such as peaks with ten times or longer durations or tiny fluctuations of a background emission.

In the first decade of spike observations the observing frequencies were in the range from 200
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to 350 MHs. This was extended by more than an order of magnitude in both directions in the
following years. Barrow and Saunders (1972) have found spikes at 18 - 26 MHz associated with type
III radio bursts. Their observation, however, has never been confirmed by spectral measurements.
At microwaves, spikes were observed up to 1420 MHz by Droge (1967 and 1977), at 2650 and 2840
MHz by Slottje (1978) and Zhao and Yin (1982). They have recently been discovered up to 5200
MHz by Stahli and Magun (1986). These authors did not find spikes (as defined above) at higher
frequencies. It is clear today that spikes are most abundant in the decimetric range, i.e. from 300
to about 3000 MHz.

How many types of spikes are there? The report of Slottje (1978) of fully polarized spikes
in a microwave event at the time was considered evidence for a species of spikes entirely different
from the intermediately polarized kind at lower frequency. However, subsequent observations by
Slottje (1980) and Stahli and Magun (1986) of a larger set of spikes at microwaves showed that
the event was exceptional and the general polarization behaviour is similar to the one deduced by
Benz, Zlobec, and Jaeggi (1982) at 300 MHz. Secondly, spike emissions may have different origins
if they occur in different contexts as manifested by other radiations. Spikes have been found to
be associated with metric type I storms (Elgargy, 1962; Eckhoff, 1966), type III bursts (Elgargy
and Rgdberg, 1963; Tarnstrom and Philip, 1972b), and type IV events (Drége, 1961); Elgargy,
1961; de Groot, 1962, and later authors). Malville et al. (1967) measuring only total flux at
two frequencies could not find any difference between spikes and type I bursts except in duration.
Elgargy and Eckhoff (1966) noted a smooth transition from type I bursts to spikes and back during
a noise storm. However, spectrographic observations by de Groot (1970) demonstrated that spikes
associated with type III and type IV bursts preferentially occurred at higher frequencies than type
I bursts. Finally, Benz et al. (1982) found significant differences to type I bursts in polarization,
bandwidth, and spatial distribution on the solar disk. In conclusion, it seems that presently only
two species of spikes can safely be distinguished: spikes in noise storms at metric frequencies,
which seem to be identical to type I bursts except for their shorter duration, and ”real” spikes,
which extend to much higher frequencies and are associated with flares. This review concentrates
on the second kind. Whether it is a homogeneous set of phenomena or needs to be divided along
frequencies (such as decimetric vs. microwaves) or associated metric activity (type III vs. type
IV) needs to be investigated. Nevertheless, this review follows the rule that phenomena have to
be considered as manifestations of one type until shown to be different.

This article is the first summary of 25 years of spike research. The main emphasis is on a
complete discussion of observations and their theoretical implications. The theory of spike emission
is also briefly reviewed. The goal is to draw the attention of the larger community interested in
solar flares to the rapidly growing set of spike observations, and most of all to bridge the gap which
sometimes seems to separate theoreticians and observers.
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3. The Spike Phenomenon

32.1. Time Profile

The duration of spikes, orders of magnitude shorter than any other type of radio emission,
led to their discovery as soon as appropriate instruments were in operation. Early observations
are shown in Figure 1. Many authors have reported contradictory values for the duration of single
spikes. Limited instrumental resolution may explain some of the discrepancies. Other authors
emphasized extremely short values which were, however, exceptional cases. In addition there
seems to be a trend to shorter duration at higher frequencies noted already by Droge (1967) and
Tarnstrom and Philip (1972b).
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Considering only measurements with sufficient resolution, typical durations of single spikes
around 250 MHz are 50 - 100 ms (Droge, 1967, Bens et al., 1982). Barrow et al. (1984) measuring
with 0.3 ms resolution noted structure down to 5 ms. The typical duration decreases to 10 - 50
ms at 460 MHs and to 3 - 7 ms at 1420 MHs (Droge, 1967). It seems to be below 10 ms around
3000 MHz (Zhao and Yin, 1982; Stahli and Magun, 1986).

Tarnstrom and Philip noted that the duration of spikes is comparable to the electron-ion
collision time interactions,

0.18 T%/3
r= n;InA "’ (1)

(Zhelesnyakov, 1970) assuming equal electron and ion temperature T. With in A = 11.2 and
for fundamental plasma emission
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where vg i, is the observing frequency in GHsz. Several authors have derived upper limits on
the source sise, requiring it to be smaller than the duration divided by the speed of light. In the
light of the above correlation of duration and collision frequency, it does not seem plausible that
the source sise decreases with frequency. More likely is the duration determined by some collision
time, and the upper limit of the size derived from duration at high frequency is closest to the
actual dimension.

2.2. Spectrum

A better estimate of the source size can be derived from the bandwidth of single spikes. Early
spectras (e.g. de Groot, 1970) have already revealed that spikes are very narrow-banded. Reported
observations of the bandwidth vary between 0.5 and 15 MHz. They have been measured with vari-
ous methods and need to be considered with caution. Film recordings yield total bandwidth above
threshold. The measured values thus depend on peak flux minus threshold. The firstquantitative
sr *ra of spikes have been published only very recently (Benz, 1985). The half-power width at
4 -ally instantaneous time is typically 10 MHz, or 1.5 %, at a center frequency of 600 MHz.
Figuce 2 is an instructive comparison between spike and type III bursts in frequency and time.
This extremely narrow width is a powerful restriction on possible emission processes.

Fig. 2: Three-dimensionalrepresentation of spikes (front) and type III bursts (back): time increases
to the right (total of 4 seconds is shown). Frequency decreases with depth (370-250 MHz),
and flux is shown logarithmicallyin vertical direction. The data was recorded by the digital
spectrometer (IKARUS) in Zurich on 1980, September 24, 0731 UT.
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Spikes have escaped detection by routine film-recording spectrographs for a long time. For
this reason the total bandwidth of spike activity and the total number per event remained unclear.
Single frequency observations by Droge (1967) suggested total bandwidths of a few hundred MHz
for spike activity in typical events. This has been confirmed with the digital spectrometer in Zurich.
Using this instrument Bens (1985) has estimated the total-number of spikes per event between
8200 and more than 13200 in 4 rich spike events. The multitude of spikes is evident in Figure
2 showing the contrast between type IIl and spike bursts. Spikes associated with type IV bursts
may after some time of random occurrence arrange themselves to patterns in the frequency-time
plane, which may resemble broadband pulsations or parallel drifting bands (Kuijpers et al., 1981).
A global shift of spike activity from 3 GHz to < 1 GHz has been noted by Fu et al. (1983) in
the 1981, May 16 event. This may reflect a general shift of the spike sources to lower density and
possibly higher altitude.

2.3. Polarization

De Groot (1962), Chernov (1976, 1978) and Slottje (1978) reported "strong” circular polar-
ization of spikes. More recent measurements (Slottje, 1980; Benz et al., 1982; Stahli and Magun,
1986; Nonino et al., 1986) agree that the polarization is generally higher than e.g. for type III
bursts, but it can vary from 0 to 100 %. It is interesting to note that these observers measured
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Fig. 3: Calibrated spectrogram of impulsive phase of a flare on 1980 September 24 observed by the
digital spectrometer in Bleien (Zurich). Top: total flux. Bottom: polarization spectrum
of the same time interval showing separation of type III and spike bursts. Left circular
polarization is represented bright, right circular polarization dark, and zero polarization is
gray (from Benz and Kane, 1986).
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different frequencies (from 0.2 to 3.2 GHs) and associated with different metric activity (type
I1I and type IV). An example of a polarization measurement is shown in Fig. 3. For this rare case
the sense of polarization of the type III is opposite to the spikes. The polarization averaged over
many spike events is between 25 and 30 %. Surprisingly, the value does not vary between 0.238
GHz (Zurich and Trieste observations) and 3.2, resp. 5.2 GHz (unpublished Bern observations).

2.4. Position

The center-to-limb variation of the rate of occurrence of spikes has been investigated by
statistics on associated Ha flare positions. No longitudinal effect has been noted by Benz et al.
(1982) at 0.3 GHz and Stahli and Magun (1986) at 3.2 GHz. It may thus be concluded that
propagation effects do not play a major role in the spike process.

Only one direct measurement of the position of a spike event has been reported (Heyvaerts et
al., 1978). The sources were